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Abstract

The need for more throughput in wireless cellular networks has been increasing in recent years. It has led to an
increase in operational costs due to higher energy use as operators deploy more cell sites or increase transmission
power at existing ones to satisfy demand. Energy costs are a major expense, and reducing them is a priority. This
article presents a scheduler which aims to solve the problem of energy efficient resource allocation in orthogonal
frequency division multiple access (OFDMA) cellular systems. The suggested approach is to make the resource
scheduling process also consider energy costs as well as allow it to manipulate these by exploiting time/frequency
vs energy efficiency trade-offs that are present in the system. The energy efficient score-based scheduler (EESBS) is
a novel scheduler which takes energy costs into account when allocating resource blocks (RBs) to users. This allows
it to promote energy efficiency in the system alongside throughput and fairness maximization. One of the means
it has to manipulate users’ expended energy is the bandwidth expanded mode (BEM). BEM is a technique that
allows the scheduler to decrease a user’s energy consumption by allocating it more RBs and maintaining a
constant data rate. This is possible when the energy consumption is dominated by the energy used for data
communication as opposed to control channel overhead transmission. Time compression mode (TCoM) is a
technique that is complementary to BEM. It allows for energy savings through a reduction of the number of
allocated RBs to a user when the energy consumption is dominated by the transmission of signaling traffic. Both
BEM and TCoM need to be employed by an energy-aware scheduler like EESBS in order to extract the maximum
performance gains. A realistic framework modeling future cellular systems is established to test the performance of
the proposed techniques. Within this framework, EESBS generates an average energy saving of 29% over a
frequency selective proportional fair (FsPF) benchmark. EESBS coupled with BEM or TCoM achieves a saving of 38%
over the same benchmark. These savings are achieved with no detriment to user satisfaction in terms of achieved
data rate.

1. Introduction
Wireless cellular communications have seen rapid devel-
opment in recent years. With the advent of the smart
phone, the desire for higher data rates has grown
rapidly. It is commonly accepted that the increase is
exponential with time [1]. From an operator’s point of
view, this is not desirable, as revenue has been increas-
ing at a linear rate at best. This has resulted in a drive
to reduce the operational costs associated with wireless
cellular networks. Base stations’ (BSs) energy consump-
tion is one of the main contributors to the aforemen-
tioned cost. There has not been any significant
coordinated attempt to optimize BSs energy

performance in the past. Also, heightened environmental
awareness has emerged as an additional incentive to
minimize operational impact. All these factors have led
to several initiatives which target a reduction of the
energy consumption of wireless cellular networks by
between 10 to 100 times through future research–for
example, the mobile Virtual Center of Excellence’s
Green Radio project [2], the EARTH project [3],
Greenet [4], and recently GreenTouch.
As a result, research has emerged on the topic of

energy-efficient scheduling. This topic has previously
been discussed widely in wireless sensor networks [5,6].
However, most of the work is in the context of relaxing
quality of service constraints for energy efficiency.
Within the traditional multi cell literature, the main
topic of research is achieving higher spectral efficiency
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with an additional emphasis on fairness among users [7].
The focus is moving to increasing the energy efficiency
of BSs towards that of mobile terminals. Han et al. [8]
compare several schedulers in terms of throughput, fair-
ness and energy efficiency. Their proposed fair cluster
algorithm is focused on providing fairness over the user
population but is also able to deliver energy efficiency
improvements of about 12% compared to a round robin
(RR) benchmark. The other proposed greedy algorithm,
provides a 10-fold reduction in used energy, unfortu-
nately at the expense of a detrimental reduction in both
throughput and power fairness as measured by an adap-
tation of Jain’s fairness index. Yao and Giannakis [6]
have proposed an energy efficient scheduling algorithm
based on non-uniform time division multiple access
(TDMA) that varies transmission length based on chan-
nel state and the size of the transmitted information.
Their scheduler is able to achieve a reduction in used
energy of up to 80% at the cost of longer transmission
times. Interference mitigation is another of the key
means to improve energy efficiency. Recently, interfer-
ence mitigation techniques have been adapted to work
in systems that employ multiple-input and multiple-out-
put (MIMO) transmissions [9,10]. Another important
topic is sleep modes [11-13]. These traditionally allow
the system to actively alter its energy consumption by
turning on and off its radio frequency (RF) front end
depending on traffic conditions and transmission
requests. Recent work by Wang et al. [14] focuses on
pooling together under-loaded time slots (TSs), so that
unused ones can be switched off. This allows for an
interactive sleep mode that is able to respond to net-
work and user demands in a better way. Significant
gains of up to 90% are achieved for very low load fac-
tors. Gains are possible as long as the load factor is less
than 60%. As femto-cells are slowly being rolled out,
research into optimum BS deployment is moving in the
direction of optimizing for energy efficiency and not
only coverage and delivered throughput [15]. However,
the gains from deploying femto cells are strongly depen-
dent on the particular scenario of use.
This article presents a novel scheduler, the energy effi-

cient score-based scheduler (EESBS), and two novel
techniques that are able to manipulate energy expendi-
ture through resource scheduling, bandwidth expansion
mode (BEM) and time compression mode (TCoM), that
work together to reduce energy consumption in a wire-
less cellular system. The novelty of the three techniques
lies in the scheduler being energy aware, and having the
ability to use BEM or TCoM when it is beneficial to the
system in terms of energy consumption. This is done
without loss in other performance parameters.
The rest of the article is organized as follows. Section

2 introduces EESBS. This is followed by a short

overview of BEM in Section 3, and theoretical deriva-
tions on its performance. Next TCoM is introduced
along with a derivation of its performance. Simulation
set-up and empirical results are presented in Section 5.
The article concludes with Section 6.

2. Energy efficient scheduling
A major component of any energy efficient wireless
communication system is the resource scheduler. A well
designed system needs to be aware of the energy costs
that different resource allocation decisions entail. This
awareness allows the system to integrate any perfor-
mance enhancements simply as alternative allocation
options available to reduce energy consumption while
satisfying users’ demands.

2.1. Score based scheduling
The concept of a score based scheduler is proposed in
[16]. In a TDMA-like system, a user i(t) with the best
score is selected at slot t to transmit:

i(t) = argmin
j=1,...,U

sj(t), (1)

where U is the total number of users in the system, sj
(t) is the score of user j at slot t, which corresponds to
the rank of his current transmission rate rj(t) within the
already observed values rj(t), rj(t - 1), ..., rj(t - W + 1)
with W being the window size in time. When there are
two users with the same score, one is chosen at random.
Formally, the scores are calculated as follows:

si(t) = 1 +
w−1∑
l=1

1{ri(t)<ri(t−1)} +
w−1∑
l=1

1{ri(t)=ri(t−1)}Xl, (2)

where 1 is the indicator function which returns 1 if
the condition in the brackets is true and 0 otherwise
and Xl’s are independent identically distributed random
variables that take on value from {0, 1} with Pr(Xl = 0)
= 1/2.
Score based scheduling evaluates each user’s perfor-

mance on a future TS relative to their past experience,
and assigns the aforementioned TS to the user who can
benefit the most relative to their history.

2.2. Energy efficient score based scheduler (EESBS)
The score based scheduler in its basic form outlined
above cannot be used to enhance energy efficiency while
not compromising fairness and delivered data rate. The
metric used for rating the resources needs to be chan-
ged, as well as the whole approach being adapted to
OFDMA rather than TDMA systems. Resource alloca-
tion needs to be done and updated at a regular period
to keep up with the channel conditions–for example
every long term evolution (LTE) sub frame. In general,
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the shorter the time span for which resources are allo-
cated, the better the energy efficiency would be. This is
due to less time being allowed for the channel condi-
tions to change.
To promote energy efficiency, RBs that can be used in

a highly energy efficient manner need to be allocated
first. The use of a metric for rating them that measures
the energy efficiency of the RB can achieve the desired
result. A large number of metrics can be used–total
energy used, energy per bit delivered etc. In this work,
total RF transmission power is used. A RB’s energy per-
formance is compared to that of the remaining RBs
available for allocation to that user, and scores are
assigned. Moreover, when a conflict between users
arises–the user who can use the RB most efficiently
among the contending users is allowed to transmit
using it. The rest of the users are allocated their next
best RB.
Also, fairness among users has to be assured while

satisfying each user’s data rate requirement as best as
possible. To ensure that, users are allocated one RB at a
time until their service requirements are met. By doing
so, the effect that high demand users have on low
demand ones is minimized. The total number of users
in the system becomes more important rather than the
existence of high demand users assuming all users are
given the same priority. Please note the distinction
between high priority and high demand users. High
priority users will always have a detrimental effect on
fairness in the system.
The equation for calculating scores hence becomes:

sjq(t) = 1 +
M∑

k=1,k �=q
1Ejk(t)>Ejq(t)

+ f j(mj), (3)

where sjq(t) is the score for RB q for user j at TS t,

Ejk(t) is the energy metric evaluated for user j on RB k

at t, M is the total number of RBs and fj(mj) is a penalty
function based on the number of already allocated RBs
for the user. Lower scores indicate more desirable RBs.
The energy metric and penalty function used within this

work are defined as Ejk(t) = Pj
k(t), where Pj

k(t) is the RF

transmission power required on RB k for user j, and fj

(mj) = mj, respectively. It is in theory possible to assign
each user a separate penalty function, as well as to have
a penalty function that prioritizes users based on differ-
ent criteria, such as vulnerability, subscription plan etc.
This makes EESBS a versatile and easy to tailor schedul-
ing technique.
A pseudo code implementation of the score based

scheduler can be found in Algorithm 1. The RESOLVE
clause represents the process through which conflicts
between users are resolved. A conflicting RB is allocated

to the user who needs the least amount of energy to use
it, whereas the rest of the users are allocated their next
best RB according to the calculated scores.
Algorithm 1. Amended score-based scheduler
INITIALIZE requiredResouces(1 ... j) ¬ calculate

number of required RBs for all users
while sum(requiredResources) >0 do

CALCULATE sjq(t) = 1 + �M
k=1,k �=q1Ejk(t)>Ejq(t)

+ f j(mj)

for all users and RBs
for i = 1 to number of BSs do

FIND best RB for each user connected to this BS

based on sjq(t)
if User’s best RB is not allocated AND is usable

AND is not another user’s best RB
then
ALLOCATE RB to user

end if
if There were conflicting RBs between users then

RESOLVE conflicts by allocating RB to most
efficient or priority user

ALLOCATE next best RBs, based on sjq(t), to
the remaining users

end if
end for
if There are no available RBs for allocation then
EXIT while loop

end if
end while
RUN power control algorithm
The last step in the scheduling algorithm is to run a

power control subroutine. Power control is necessary to
ensure that the minimum feasible transmission powers
can be calculated, which allows the proposed techniques
to be correctly evaluated. This ensures the most efficient
operation of the system. The algorithm of choice here is
the Foschini-Miljanic [17] power control algorithm due
to its simplicity and low computational overhead. It is
based on the following iterative control equation:

Pj
q(t) =

�q

γ
j
q(t − 1)

Pj
q(t − 1), (4)

where Pj
q(t) is the transmission power used for user j

on RB q for TS t, Γq is the SINR target for RB q, and
γ k
q (t − 1) is the achieved SINR at the time instance
prior to allocating resources. The power control subrou-
tine should be allowed to run until the difference in the
transmission power vectors between iterations, ε, has
converged. Within this work, ε is defined to be 1% of
the maximum BS RF transmission power. This is
reflected in a relatively low number of control loop
iterations required–on average 6-7. The transmission
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powers used to calculate the energy efficiency metric
used for allocation will be different from the ones actu-
ally used for transmission. This will result in a difference
in the energy efficiency expected at allocation and the
achieved one. Since the problem of energy efficient allo-
cation of RBs and power to transmit on them is NP
hard, this article presents a heuristic solution. Within
this framework, each allocation iteration improves on
the energy efficiency of the system.

3. Bandwidth expansion mode
3.1. General description
There are times in the operation of any cellular wireless
network when there are only a few users who may
demand high transmission rates–for example early in
the morning or in rural area cell sites. It is reasonable
to assume that at those times unused bandwidth should
be available in cells operated under a LTE system. It is
hence advantageous to employ techniques/algorithms
that trade-off unused bandwidth for energy efficiency.
BEM [18] operates by allowing a user to expand his

limited bandwidth by an integer factor of a while pre-
serving the already achieved data rate. The allocated
bandwidth is increased while the modulation order and
signal-to-interference-plus-noise-ratio (SINR) require-
ment per frequency channel, Γq, are decreased to main-
tain the communication rate. The technique exploits the
energy saving opportunity created through the fact that
the transmission rate scales logarithmically with the
achieved SINR, and linearly with the used bandwidth or
number of channels. Hence, an energy saving can be
incurred in a communications system without any
degradation in service. Moreover, robustness of commu-
nication is increased as data is transmitted over more
channels or RBs.
Consider the following example frequency RB alloca-

tion. A user is allocated 4 out of a maximum 10 RBs
and transmits on them with relatively high power. This
presents the opportunity to allocate an additional 4 RBs,
and switch to a lower order modulation scheme if possi-
ble. An overall reduction in expended energy can be
hence achieved. For example, doubling the used band-
width and going from 16-QAM to 4-QAM increases the
energy consumption by a factor of two, but at the same
time reduces it by 3.16 times due to the more efficient
modulation which results in a net reduction of 1.58
times. In a more general scenario, a user can expand his
bandwidth footprint by a factor of a that is a real num-
ber by choosing an appropriate modulation scheme,
SINR target, coding scheme and other required link
parameters. However, it must be stressed that only an
integer number of RBs can be allocated to each user.
The integer constraint on a is imposed within this work
for simplicity.

The reduction in energy due to BEM can be calcu-
lated in the form of energy consumption gain (ECG) as:

ECGRF
BEM =

Eref
Enew

=
�q

α
(

α
√
1 + �q − 1

) , (5)

where Enew is the energy required for operation by the
investigated system, Eref the energy for the reference sys-
tem, a is the bandwidth expansion factor, and Γq is the
required SINR on the link prior to expanding the band-
width. Also, the RF superscript stands for radio fre-
quency, as the expression above takes into account only
the radiated RF energy used for data transmission. The
expression is derived starting from Shannon’s capacity
equation–the rate for the system with BEM is equated
to that to the reference system without BEM, and the
BEM SINR target is computed as a function of the origi-
nal one. The energy consumption of BEM and the refer-
ence system are then calculated to arrive at the ECG
expression.

3.2. Effect of control channel overhead
Allocating additional resources raises the question of
what happens to the control channel overhead. This
needs to be answered in order to correctly assess the
gains from BEM. Hence, the behavior of control over-
head transmissions needs to be modeled and included
in the analysis. Typically, cellular systems have a broad-
cast channel which carries information that allows the
other channels in the system to be configured and used
for communication. The 3rd Generation Partnership
Project (3GPP) LTE makes use of a Physical Broadcast
Channel (PBCH) which carries a ‘Master Information
Block’ (MIB), as well as a Physical Downlink Control
Channel (PDCCH). Both are a part of the Physical
Downlink Shared Channel (PDSCH)–they are allocated
particular resources in time and frequency [19].
We assume that the PBCH, reference, and synchroni-

zation signals are transmitted with a constant power, so
that they can achieve coverage of the complete intended
cell site. PBCH information is transmitted every 40 ms
or every 40 sub-frames. In addition to that, in every
sub-frame there is PDCCH data as well as reference sig-
nals that are transmitted. The PDCCH data can be con-
figured to occupy the first 1, 2, or 3 OFDM symbols.
If we are to quantify the total overhead due to PBCH

and PDCCH using the values presented above, we calcu-
late that it varies between approximately 12.9 and 26.9%.
It is important to note that this is overhead both in
terms of communication time and energy. The contribu-
tion of PBCH is relatively minor–approximately 1.3%
relative to the complete system. Of course, there are
also other types of overhead that are not considered
here–for example Physical Control Format Indicator
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Channel (PCFICH) and Physical Hybrid ARQ Indicator
Channel (PHICH). These do not constitute a significant
part of the control channel overhead in the system. It is
also important to note that the PDCCH could be turned
off if the particular frequency resource blocks (RBs) are
not going to be used, whereas the PBCH cannot be
turned off as it is required so that new users can con-
nect to the network. Hence, only the overhead from the
PDCCH will be considered in this article.
The following assumptions are made throughout this

work. The PDCCH along with the reference signals can
be turned off if the particular RB is not in use until the
next allocation cycle. This means that the control chan-
nel overhead due to PDCCH can be modeled as a trans-
mission that occupies a fraction of the TS at a constant
pre-set RF power.
Allocating more resources to users by allowing them

to enter BEM means that there will be an additional
control channel overhead associated with these which
will affect the overall energy use. It is important to
model this so that the real-world performance of this
technique can be better assessed.
The ECG expression for BEM needs a significant

alteration to account for the effect of a constant power

control transmission. After simplification, the new ECG
expression for transmitter k and intended receiver j
becomes:

ECGCC
BEM =

�n
q=1(1 − φ)�q(N + Iq)

Gq
kj

+ φPref

�αn
q=1(1 − φ)

(
α
√

1+�q −1
)
(N + Iq)

Gq
kj

+ φPref

, (6)

where n is the total number of RBs allocated, N is the

noise floor, Iq is the interference received on RB q, G
q
kj is

the path gain for RB q, � is the fractional control chan-
nel overhead, and Pref is the power with which the refer-
ence signals are transmitted.
The new Equation, (6), is plotted for an example sin-

gle carrier system with a = 2 and � = 0.15 in Figure 1
where RF output power refers to the power radiated
from a BS antenna in the system.
Control channel overhead introduces new patterns in

the gain behavior for BEM. There is a variation in the
gain experienced depending on the ratio between the
data and the control channel transmission power. The
higher the ratio, the closer to the previously calculated
theoretical gains the system performs as the effect of
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control transmission overhead becomes negligible. For
low values of this ratio, the energy consumption of a
communication node is dominated by the control chan-
nel overhead. In that case, increasing the number of RBs
that are in use compromises the energy efficiency mak-
ing the use of BEM not desirable. Having a higher initial
SINR target before employing BEM results in larger
gains from the technique as already established.

3.3. Effect of hardware operational efficiency
Switching the operation of a BS from one output RF
power level to a lower one has an effect on the effi-
ciency with which RF power is delivered. It is widely
accepted that the farther away from peak RF output a
BS is operated, the worse its efficiency is. Hence, in the
context of this investigation, it is important to use an
accurate BS energy consumption model.
Three versions of the same model are used through-

out this article. The BS power consumption model is
the one adopted in [20]. It is governed by the following
equation:

PBS,in = PBS,0 + �PPBS,out, (7)

where PBS,in is the required power drawn by the BS in
Watts, PBS,0 is the idle power consumption i.e. when no
RF power is used for data transmission, also in Watts,
ΔP is a scaling parameter, and PBS,out is the required
output RF power in Watts. The maximum value allowed
within this model for PBS,out is P

max
BS,out which would gen-

erally be a design parameter of the BS. The appropriate
parameters for a macro BS are PBS,0 = 712 W, ΔP =
14.5, and Pmax

BS,out = 40W[20]. A plot of the required
input power over the range of operation can be found
in Figure 2. This model reflects the current state of BSs.
It is expected that the efficiency of BS hardware will

improve in the near future. Also, input power require-
ments will scale much better with the required output
RF power as power amplifier (PA) efficiency is improved
and the overall BS consumption reduced [2]. Both these
advancements should add to the benefits obtained from
BEM and TCoM. The two techniques manipulate the
dynamic component of the energy drawn during opera-
tion. It is expected that as BSs efficiency is improved,
this component will become increasingly dominant over
the quiescent drain hence increasing the benefit from
BEM and TCoM. This is why two additional
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consumption models are proposed and adopted. One
models the desired ideal performance of the future BS,
and the other represents a more realistic proposition.
Both can be expressed in the same manner as (7). The
parameters for the realistic model are PBS,0 = 371 W, ΔP

= 23.025, and for the idealistic one - PBS,0 = 0 W, ΔP =
32.3.
The first, pessimistic, model is used for evaluating the

techniques theoretically. This gives a more realistic view
on the gains as the theoretical results make use of idea-
listic assumptions leading to high predicted gains. How-
ever, all three models are used to evaluate the energy
savings through simulation in Section 5.
Keeping in mind the operation of BEM, the already

calculated ECG can be modified to account for hard-
ware operation at a given RF output as follows:

ECGTOT
BEM =

PBS,in(PBS,out)

PBS,in

(
PBS,out
ECGCC

BEM

) .
(8)

It is important to note that the above equation has a
significant drawback. It does not account for the fact

that any initial decrease or increase in interference due
to one cell, and hence used energy, is reinforced by an
additional one due to the decrease or respectively
increase in interference in all of its neighbors. This is a
dynamic effect akin to a cocktail party effect which is
difficult to model theoretically.
A plot of (8) for a pre-set ratio of Pdata/Pref = 3.4, a =

2 and � = 0.25 can be found in Figure 3. This parameter
combination is conservative–low transmission power
and high overhead define a scenario where BEM should
demonstrate comparatively modest gains. However, even
in those conditions the technique provides significant
gains. There are two trends to be observed in the figure.
First, for a given Γq, the gain increases as the total RF
output power increases. This means BEM is more useful
in bad channel conditions. It also reveals that the vari-
able energy efficiency of the BS which depends on the
output RF load has a role to play in determining the
overall gain from BEM. Second, for a given output RF
power, the gain increases as Γq increases. Higher Γqs
represent less energy efficient modulation schemes
against which BEM is able to achieve higher gains.
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Figure 4 has been realized for a pre-set Γq = 11 dB
and Pref = 0.4 W. The parameters are chosen to show
that even in high overhead conditions BEM can deliver
gains. As the transmission power per RB is increased
the gain from BEM increases initially until it converges.
This is due to the shift in ratio between overhead and
data energy. A low data-overhead ratio means there will
not be any gains from BEM. Conversely, a high data-
overhead ratio means there are high gains achievable.
After the ratio becomes high enough, the achievable
gain is no longer affected by overhead as it becomes
insignificant.

4. Time compression mode
As shown in the previous section, BEM leads to good
results when a user’s energy consumption is dominated
by energy used for data transmission and not control
overhead communication. This means a part of the
users cannot benefit from the use of BEM. A straightfor-
ward way to reduce the energy consumption of these
users is to propose a complementary transmission
mode. A similar idea has already been described in [14]
for a time based implementation. In the prior work,
underutilized RBs are lumped together in time without

any change in the used modulation. RBs that are then
not needed are turned off to conserve energy that would
otherwise be wasted in control channel transmissions.
In this work, RBs that are fully utilized on a relatively
low modulation order are lumped together in time, or
alternatively in frequency, and a higher order modula-
tion is used. Energy savings are accrued through the
reduction in overhead signaling. Naturally, this is done
when the channel conditions allow the use of higher
order modulation. One of the goals of this article is to
determine if the TCoM technique can provide energy
saving gains when deployed in realistic scenarios and in
what conditions.
A comparison of the three different systems discussed

so far can be found in Figure 5.
Decreasing the number of allocated frequency chan-

nels in the TCoM system leads to a decrease in the
amount of overhead transmissions required, which sug-
gests that users whose energy expenditure is dominated
by control channel transmissions will benefit.

4.1. Time vs. frequency implementations
To be able to assess the difference between time and
frequency implementations of TCoM, knowledge on
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how energy costs are generated in the system is
required. In general:

D = RLB, (9)

where D is the delivered payload in bits, R is the spec-
tral efficiency in bits/s/Hz, L is the length of transmis-
sion in seconds, and B is the bandwidth in Hz. From
this equation it is clear that by increasing the rate, it is
possible to either decrease the time it takes for a trans-
mission or decrease its bandwidth footprint. On the
other hand, the used energy for a transmission can be
calculated as:

EUsed = PdataLdata n + PrefLrefn, (10)

where EUsed is the used total energy, Pdata is the power
dedicated to data transmissions, and the overall trans-
mission time L = Ldata + Lref is split between user data
and reference signaling. The above can be rewritten
with the introduction of �:

EUsed = nL ((1 − φ)Pdata + φPref). (11)

From the above, it emerges that a linear compression
or expansion in either bandwidth or time of a transmis-
sion, while retaining the overall delivered payload, leads
to the same change in used energy. For example, expand-
ing the bandwidth by a factor of two, will yield the same
result as taking twice as long to complete the transmis-
sion if we were to retain the size of the delivered payload
and the used modulation scheme. In the case of reducing
bandwidth or length of transmission, it should be possi-
ble to turn off the control channel transmissions on the
unused RBs. The number of symbols used for a particular
transmission of PDCCH is set by the BS. Explicitly, it is
determined by the channel conditions to ensure that the
transmission can be reliably decoded [19]. It should be
possible to adapt this functionality in LTE, so that it sup-
ports the process of eliminating unnecessary overhead to
increase energy efficiency.

4.2. ECG derivation
As outlined above, time and frequency implementations
of TCoM should not differ in performance, hence only
the frequency based system derivation of the gains is
presented. To make sure that the two systems deliver
the same amount of data, the following needs to be
satisfied:

RTCoM = Rbenchmarkβ , (12)

where the subscripts denote the different systems and
b is the time/bandwidth compression factor, which is an
integer similar to a. From (12) and Shannon’s capacity
equation, we can derive the required SINR target for the
TCoM system:

�̃q = (1 + �q)β − 1, (13)

where �̃q is the TCoM SINR target. From the basic
SINR calculation formula, the required RF power can be
calculated:

PR̃F
q =

N + Iq
Gkj

�̃q. (14)

The total expended RF energy to deliver a payload on
b RBs in the benchmark system and the same payload
in the proposed system can be calculated as:

Ebenchmark = L
β∑
q=1

((1 − φ)Pq + φPref) (15)

ETCoM = L((1 − φ)P̃q + φPref). (16)

The RF ECG can now be calculated from basic princi-
ples and (14) as:

ECGRF
TCoM =

β�q

(1 + �q)
β − 1

, (17)

Figure 5 System descriptions–left: normal system vs BEM; right: normal system vs. TCoM.
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where the assumption is that all used RBs are experi-
encing nearly identical channel conditions. If the control
channel transmissions are to be accounted for as before
as well as different channel conditions, the above
becomes:

ECGCC
TCoM =

β�n
q=1(1 − φ) �q(N+Iq)

Gq
kj

+ φPref

�n
q=1(1 − φ) ((1+�q)

β −1 )(N+Iq)
Gq
kj

+ φPref
. (18)

The above is plotted in Figure 6 for � = 0.25 and b =
2 to underline the gains from TCoM. The figure con-
firms that the users most likely to benefit from TCoM
are ones that enjoy very good channel conditions while
not requiring high data throughput, which means their
energy consumption is dominated by control channel
transmissions. Such users are most likely to be found in
the cell center.
Following the manner of the BEM ECG derivation,

(18) is modified to account for hardware efficiency:

ECGTOT
TCoM =

PBS,in(PBS,out)

PBS,in

(
PBS,out

ECGCC
TCoM

) .
(19)

Figure 7 presents (19) plotted for a ratio of data to
overhead transmission power, Pdata/Pref , of 0.0012. This
value is reasonable considering the path loss difference
experienced by a user in the cell center and one on the
cell edge. Two trends can be observed. First, the higher
the total output RF power, the higher the gain from
TCoM. This is due to the fact that the higher the initial
loading the more efficient the operation of the system
after the required total output power has been reduced
through TCoM. Second, the higher the initial SINR tar-
get, the lower the gain from TCoM for a given total RF
output level. This is due to the fact that more complex
modulation techniques are less energy efficient than the
simpler ones.
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5. Empirical results
To validate the theoretical results, a simulation platform
is used to evaluate the performance of EESBS and a sys-
tem that combines EESBS, BEM, and TCoM, further
referred to as the bandwidth scheduling system, against
a frequency selective proportional fair (FsPF) scheduler
as the one discussed in the Problem Formulation section
of [21]. The overall system framework is modeled after
LTE–it is an OFDMA based system with parameters
taken from the LTE standard proposal documentation.

5.1. Simulation set-up
The simulation parameters employed can be found in
Table 1. The number of users per cell is picked from a
uniform distribution defined between 5 and 9 users per
BS. Each user is assigned a target data rate from a uni-
form distribution comprised of the following elements–
(0.5, 1, 1.5, 2) Mbps. Those result in a bandwidth load-
ing between 20 and 50%. The chosen scenario topology
is a two-tiered wrap around a central cell. It is generally
accepted that this scenario results in a realistic interfer-
ence environment in the central cell. Performance data
is collected only from this cell. However, all cells oper-
ate in the same manner. The channel model used is the

Urban Micro cell model (UMi) as defined in [22]. Fre-
quency selective fading based on the clustered delay line
model for scenario B1 is incorporated as described in
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Figure 7 Overall ECG for TCoM with � = 0.25, b = 2, and Pdata/Pref = 0.0012.

Table 1 System parameters

Parameter Value

Total bandwidth 20 MHz

Carrier frequency 2.14 GHz

Resource bandwidth 180 kHz

Number of RBs 100

Subcarriers per RB 12

BS maximum power 46 dBm

User speed 3 km/h

SINR targets, Γq -6-20 dB

Data rates 0.1523-5.5547 bits/symbol

Users per BS 5-9

Required data rate per user 0.5, 1, 1.5, 2 Mbps

Inter-site distance 870 m

Overhead 12.9%

Control channel SINR target, Γref 3.4 dB

Antenna gain 14 dB

Bandwidth expansion factor, a 2

Bandwidth compression factor, b 2
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[23]. A infinite size buffer model is used to ensure that
all MSs want to transmit at all TSs.
Resource blocks that cannot be used for transmission

due to experiencing temporary deep fades or high path loss
are not considered during the process of allocation. BEM
and TCoM require an RB allocation as a starting point to
their operation. The allocation that is achieved by EESBS is
used for that purpose. BEM and TCoM then provide itera-
tive improvements over the starting allocation.
The FsPF scheduler operates by applying the propor-

tional fair principle to each RB at a time, and allocating
each RB to the user who maximizes the fairness ratio.
To avoid initial allocation conflicts, the order in which
RBs are considered within each BS is randomized.
The user specific penalty function used within the

EESBS scheduler is fk(mk) = mk, where mk is the number
of currently allocated RBs to user k. This means that the
more RBs are allocated to a user, the larger the penalty
resulting in a fairer allocation. The scheduler also
chooses whether to allocate resources based on their
effect on the overall cell energy efficiency in BEM and
TCoM. If the allocation of a particular RB affects nega-
tively the predicted overall efficiency of the BS, it is not

allocated. The current resource allocation and channel
conditions are used to estimate the required energy.
Also, the control channel transmission power, Pref , has

to be defined in a meaningful manner. Control channel
transmissions need to be able to reliably reach any user
within the radius of the BS. Hence, Pref needs to be defined
with respect to the cell radius and an SINR target, Γref,,
that defines the modulation used for control channel com-
munication. The following equation is used to calculate
the required control channel transmission power per RB:

Pref =
�ref(N + 3.7710−14)

G(d)
, (20)

where G(d) is the worst path gain for a distance of d
between the user and BS including log-normal shadow-
ing up to two sigma away from the mean as that covers
95% of the user population. The value used for the
interference component that is to be tolerated is the
maximum possible for the given scenario at the cell
edge. The data transmission SINR targets are chosen
using Shannon’s channel capacity equation by adding an
additional 3 dB to the calculated SINR targets. This is a
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Figure 8 User data rate adjusted for � = 0.129. All other parameters can be found in Table 1.
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reasonable assumption since two independent studies
have determined that LTE achieves link level spectral
efficiency that is on average 2 dB away from the Shan-
non limit [24,25]. This guarantees that the values used
are reasonable and close to the current state of the art.
The downlink transmission direction is simulated as it

is currently the more energy intensive of the two. Data is
collected from one TS after the system has settled to a
stable resource allocation. Stability of resource allocation
is important since it is desirable that RBs can be used by
a user continuously, rather than be constantly contended
for by a number of users. Channel condition changes are
to be accounted for at the same time. If a more efficient
allocation becomes available due to a change in channel
conditions, it should be used instead. The theoretical
concepts presented in this article can be applied in both
the uplink and downlink transmission directions. How-
ever, the focus of this study is on downlink transmissions.
Two parameters are used to evaluate the proposed

systems–ECG and data rate.

5.2. Results
In the context of this work, it is imperative to compare
performance both in terms of data rate and energy
efficiency.

Figure 8 presents the data rate performance of the sys-
tems. The simulation is set up so that whatever is
achieved by the FsPF system is matched by the EESBS
and bandwidth scheduling systems. This allows for a
meaningful comparison when it comes to energy effi-
ciency between the systems. Notable figures on the
graph are 3% of the users experience outage, and the
data rate per user is 1.6 Mbps at the 50th percentile.
The achieved data rates for the FsPF system do not
match the target rates for the scenario since the simu-
lated results are adjusted for overhead as well as being
limited by the available modulation transmission modes.
In terms of ECG, the bandwidth scheduling system

grants additional gains to EESBS. The results can be
found in Figures 9 and 10. For the current and realistic
future BS hardware models, the gains presented by the
techniques are insignificant. However, for the ideal
future BS model, there are significant energy reduction
gains. EESBS and the combined system achieve energy
reductions with respect to the benchmark of 29 and
38% at the 50th percentile respectively. The very high
quiescent state drain with respect to the dynamic com-
ponent of the BS energy consumption is responsible for
the minimal energy gains observed for the current BS
hardware model. At this point it is important to note
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Figure 9 ECG for the current and realistic BS hardware models. All parameters can be found in Table 1.
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that the results indicate that the gains increase more
than 3-fold when the quiescent drain is halved–from 0.3
to 1%. The combined system as expected achieves
higher energy reduction over EESBS as it has more
means of decreasing the energy consumption at its dis-
posal. In practice, the real gain would lie between the
results for the current and ideal models depending on
the evolution of BS hardware in the future.

6. Conclusion
This article presents theoretical results on the perfor-
mance of BEM in an environment that takes into
account control channel overhead and variable energy
efficiency in hardware. An expression for the ECG of
BEM has been derived while taking into account BS
hardware efficiency and control channel overhead. A
complimentary technique, TCoM, is also introduced
that relies on reduction of overhead to achieve energy
gains. The new system, TCoM, is able to help achieve
high gains in a realistic simulation scenario. The average
reduction due to the combined bandwidth scheduling
system for the simulated scenario is up to 38% depend-
ing on the BS hardware model. Realistic gains lie
between the results presented for the current and ideal
BS hardware models and their exact value would depend
on the advances made in BS hardware.
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