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Abstract—Base station operation consumes a lot of energy, a considerable amount of which can be saved by switching off
base stations during low user demand (for example, at night). Base station switching (BSS) can result in loss in coverage if not
performed properly. We show that coverage is closely related to scheduling via power management and that the bottleneck is
typically the uplink. To save energy, we propose a set of BSS patterns, at a global system-level, that have the potential to provide
full coverage if the appropriate schedulers are used. We further show that the existing benchmark uplink scheduling schemes
do not provide full coverage when BSS is used in urban as well as rural macro-cell environments (the downlink benchmark
scheduling scheme provides full coverage only for some of the BSS patterns). Hence, we propose novel scheduling schemes
for both uplink and downlink that realistically model interference, ensure full coverage, and provide good energy-performance
trade-offs for the proposed BSS patterns. We also present a low complexity high performance heuristic for the proposed uplink
scheduler. Finally, we show the presented models and results can be used to quantify, offline, the energy-performance trade-offs

under different operating scenarios.

Index Terms—Base station switching, cellular network, coverage, downlink, energy, LTE, throughput, uplink.

1 INTRODUCTION

The information and communication technology (ICT)
sector is estimated to be responsible for around 2%
of the global CO; emissions [1]. Within ICT, cellular
networks are one of the biggest contributors [1]. Base
stations (BSs) operations consume up to 80% of the
energy required for the operation of a cellular network
[2]. Hence, schemes that can possibly switch off some
BSs, when demand is lower, are important from the
perspective of saving energy, money, and reducing
the carbon footprint. LTE cellular systems [3] are
typically designed for providing full coverage and
good performance for a given (nominal) user density.
However, as shown in [4], [5], significant time periods
can occur when the user density drops far below this
nominal density (for example, during the nights or
public holidays). As BSs consume the majority of the
energy in a cellular network, significant gain in op-
erational expenditure (OPEX) is possible by suitably
turning off some BSs and expanding the coverage of
the remaining BSs when user density is low [4], [5],
[6].

Typically, the objective of a base station switching
(BSS) framework is to achieve the best possible en-
ergy versus throughput trade-off while maintaining
full coverage when user equipment (UE) density de-
creases. This can be achieved by minimizing the en-
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ergy consumption while maintaining the throughput
performance as in the nominal system. Alternatively,
we can maximize the throughput performance for
a given energy consumption. The past works that
have tried to address this problem have the following
limitations.

e They only focus on the downlink. The uplink
being more power limited is the bottleneck.

o The interference is not realistically modeled. In
particular, it is highly dependent on which BSs
are active (both on the uplink and the downlink).

o They work with a simplistic and rigid scheduler
that limits the possible energy versus perfor-
mance trade-offs.

When a BS is switched off, it affects all its neighboring
BSs, which have to take over the region no more
covered by that BS, making coverage more difficult.
We consider that the operator switches off BSs using
predefined global BSS patterns (motivated from the
frequency re-use patterns typically used in cellular
networks) that have been designed off-line to offer
full coverage with suitable scheduling schemes on
the uplink and the downlink. Scheduling is critical to
the efficient operation of a cellular network with BSS.
Providing non-zero data rate to the UEs on the down-
link/uplink depends on the downlink/uplink sched-
uler which is in charge of allocating resources (e.g.,
time, channels!, power per channel) to the UEs. By
switching off BSs, the system becomes more power-
limited and hence it is important that, whenever
required, the schedulers should be flexible enough

1. We use the terms channels and sub-channels interchangeably
throughout the paper.
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to allow power to be focused on the right number
of channels. However, focusing power impacts the
interference which, in turn, limits coverage. Many
schedulers proposed in the literature allocate power
in a rigid way and hence do not fare well when BSs
are switched off. Hence, studying BSS will amount to
proposing uplink and downlink schedulers. In sum-
mary, the issues of coverage, scheduling, power per
channel, and interference are highly inter-dependent
and they need to be studied jointly both on the
uplink and the downlink to enable a large range of
energy/performance trade-offs in BSS. This is the mo-
tivation of this work. More precisely, the contributions
of this paper are as follows.

o We propose a framework to study the energy ver-
sus performance trade-offs that takes into account
uplink and downlink, and models interference
properly. The framework is based on a detailed
system model and predefined global BSS pat-
terns. We show that the BSS patterns’ feasibility
in terms of coverage is determined by the uplink.

o We propose two novel flexible schedulers (one
for the downlink and one for the uplink) to
allow better performance-energy trade-offs than
the state of the art schedulers. However, this
flexibility has a computational cost. We will show
that this computational cost is negligible on the
downlink, but not on the uplink. Hence, a low
complexity high performance heuristic is pro-
posed for the uplink scheduling scheme.

o We present performance-energy trade-off results,
for a given user density, for uplink and downlink
in urban as well as rural macro-cell environments
and quantify the gain obtained from the proposed
schemes with respect to the state of the art.

The rest of the paper is organized as follows. In
Section II, the related work is presented. The system
model, BSS patterns, and the problem formulation
are described in Section III. In Section IV, we discuss
several scheduling schemes and propose the new
scheduling schemes for BSS. The numerical results
are presented in Section V. Section VI provides some
concluding remarks.

2 RELATED WORK

The issues pertaining to coverage, throughput, and
energy trade-offs in BSS are discussed in [7]. A first-
order approximation of the percentage of power that
can be saved by switching off BSs in an urban macro-
cell environment during low traffic periods while
maintaining coverage is presented in [4]. A practi-
cal BSS algorithm that takes into consideration the
incremental impact of switching off BSs one by one
on the downlink performance in an urban macro-cell
is proposed in [5], but the uplink performance and
uplink coverage issues are not considered. In hetero-
geneous networks composed of cellular and wireless

2
TABLE 1
Mathematical Notations
[ Symbol || Definition
aP Fraction of the time allocated to
a UE n on the downlink
Aey Jes BS switching pattern with
ey out of es BSs on
B TDD time fraction for downlink
B Set of Sectors
Oe1/e2 Coverage area of a sector for pattern A.j /.o
A BSs” coverage area
ESc1 /62 % energy saving for pattern A1 /.o
f Mapping between SINR and MCS efficiency
G, Channel gain for a transmitter x
with respect to receiver r
ver SINR per channel for transmitter =
with respect to receiver r
I Throughput performance metric
IS, Interference on receiver r
on data from transmitter x
L Set of locations considered
AD Downlink throughput for UE n
\U Uplink throughput for UE n
mp Number of channels used on
the downlink for UE n
mY Number of channels used by
a UE n on the uplink
n Average UE spatial density per square meter
No Noise power
Ng Number of UEs in a sector s € B
Pg,. Transmit power on channel ¢
from transmitter x to receiver r
3 Pair of uplink and downlink scheduler

local area networks (WLANSs), a joint UE association
and BSS algorithm is presented in [8]. However, the
focus of [8] is only on the downlink transmissions. In
[9], a novel antenna beam tilting based dynamic cell
expansion technique is proposed for the downlink.
The proposed technique is utilized for compensating
the coverage loss due to switched off BSs resulting in
energy savings. A cell zooming based load balancing
and BSS framework is presented in [10]. However,
the details of scheduling in uplink/downlink are not
discussed. An energy efficient coordinated downlink
scheduling for dynamically switching component car-
rier and BSs based on the variation in load is proposed
in [11]. Yet, uplink scheduling and coverage issues
are not analysed in [11]. In [12], some of the BSS
patterns presented in this work (like A;/3 and As/4)
are discussed and the amount of energy that can be
saved for the various patterns is calculated. However,
the actual implementation of BSS, suitable interference
model, and the corresponding uplink and downlink
scheduling schemes are not discussed. A store-carry-
forward relaying based mechanism for energy saving
is proposed in [13]. In store-carry-forward relaying,
mobile nodes store and carry information messages
while in transit and only forward the data as the
channel conditions become better. However, suitable
scheduling and interference modelling for BSS are
not discussed. A dynamic BSS scheme (with load
balancing) is proposed in [14] with an exponential
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Fig. 1. Nominal system with all BSs are on (the yellow
rectangle represents the BS under consideration and
‘X’ represents location of its uplink interferers).

weighted moving average based estimation of the
load in the downlink. For computation tractability,
average interference estimation for downlink is con-
sidered but a similar study for the uplink is required.
Results for BSS in a heterogeneous network in a rural
environment are presented in [15]. However, in [15],
the focus is on the downlink only and it does not
consider multiple BSS patterns as presented in this
work. The BS activation problem for full coverage on
downlink with minimal power consumption in green
cellular networks is analysed in [16]. Yet, scheduling
and interference modelling are not considered.

Most of the existing work do not deal with the
uplink. Any BSS scheme has to be evaluated for both
uplink and downlink to ensure that full coverage is
maintained even after switching off some BSs. Fur-
ther, the interference experienced in the system after
switching off the BSs must be realistically modeled.
This work is a comprehensive study that takes into
account the uplink and the downlink focusing on a
realistic interference model and flexible scheduling
schemes in various cellular environments.

3 SyYSTEM MODEL

We consider a homogeneous OFDM-based LTE cellu-
lar system composed of B hexagonal cells with sec-
tored macro BSs. Each BS has 3 directional antennas
as depicted in Fig. 1. The set of sectors (three per BS)
is denoted by B = {1,...,3B}. The inter-site distance
(ISD) is given (different for urban and rural scenarios).

We consider that at any BS a total of M channels are
used with a reuse factor of 3 over the three sectors.
Thus, each of the three sectors of a BS is allocated
one of the three exclusive bands of M/3 channels
denoted by M;, M; and M3. We focus on a sector
of the BS at the center (let s denote this sector for

Fig. 2. BSS pattern A, 5 with 2 out of 3 BSs are on (the
yellow rectangle represents the BS under considera-
tion, white rectangles represent the switched off BSs,
and black rectangles represent the BSs still on).

the BS represented by the yellow rectangle in Fig. 1).
We assume that we have N, UEs in the sector under
consideration (we denote the set of UEs for this sector
by N;). Assume that this sector uses M;. Further,
we assume that the time is divided in frames of T
time slots (with 7 denoting the set of time slots). We
consider a time division duplex (TDD) system such
that 8 proportion of these frames are for the downlink
and the rest are for the uplink. We assume that each
UE associates with the BS offering the maximum SINR
per channel (to be defined) as traditionally done in
cellular systems. Finally, the B BSs cover a certain area
A. The important mathematical notations used in this
paper are summarized in Table 1, while the system
parameters considered for numerical calculations are
presented in Table 3 (more details in Section V).

3.1 BSS Patterns

For mathematical brevity, in the following, we con-
sider a limited number of BSS patterns. However, the
framework presented in this paper can be extended
to arbitrary number of possible BSS patterns. We
investigate the following patterns: A3/, with 3 out of
4 BSs switched on, A,,3 with 2 out of 3 BSs switched
on, Ay/y with 2 out of 4 BSs switched on, A;/3 with
1 out of 3 BSs switched on, and A,,, with 1 out
of 4 BSs switched on. Thus, a BSS pattern A.;/co
is obtained by switching off (e — e1) BSs out of
every ez BSs in a predetermined pattern. The nominal
system, where all BS are on, is represented by A4,;.
In Fig. 2, we illustrate BSS pattern A,,3 where only
the BSs marked by black rectangles are on (i.e., the
BSs marked by white rectangles are switched off).
Similarly, the pattern A3 illustrated in Fig. 3, is
obtained by switching off all the white BSs. The BSS
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Fig. 3. BSS pattern A, /3 with 1 out of 3 BSs are on (the
yellow rectangle represents the BS under considera-
tion, white rectangles represent the switched off BSs,
and black rectangles represent the BSs still on).

pattern Aj/, is illustrated in Fig. 4. For each of the
studied patterns, the BSs remaining on have to extend
their coverage to compensate for the switched off BSs.
The extended coverage for the central BS in the BSS
patterns has been depicted in Fig. 2, Fig. 3, and Fig. 4
by the dotted black lines (assuming a constant fading,
more details in Section V). For example, the resultant
coverage area of the central BS in A3 becomes a
triangle, in A, /3 it becomes a bigger rotated hexagon,
and in Aj,, it becomes a parallelogram. Note that,
the coverage area of each sector for any BS (still
on) increases with the number of BSs switched off
in the predefined BSS patterns. Given a BSS pattern
Ae, jes, let 0., /e, denote the area of the BS sector under
consideration (in m?). The area of the BS sector is
equal to 4/3a, 3/2a, and 3a for the BSS patterns Aj 4,
Ayss, and A3, respectively, where a is the area of
the BS sector in the nominal system A;,;. Note that,
the sectors of a BS do not remain symmetric for the
various BSS patterns, e.g., A3/4 has asymmetric sectors
as shown for the BS under consideration (yellow
rectangle) by the dashed black line in Fig. 4. For BSS
patterns with asymmetric sectors, we generate results
averaged over all three sectors.

Let the energy consumed per unit time by a BS be
denoted by E. Then, E x B is the energy consumed
per unit time by the nominal system, A;,;, since
all the B BSs are on. Note that the majority of the
energy consumption in a typical cellular network is
for operating the BSs. Hence, E is approximately
constant irrespective of the number of connected UEs
[2] (even when no UE is connected with the BS). Thus,
a suitable measure of energy efficiency, obtained from
a BSS pattern A, /., is the percentage of energy saving
ES., /e, obtained with respect to the nominal system

Fig. 4. BSS pattern A;,, with 3 out of 4 BSs are on (the
yellow rectangle represents the BS under considera-
tion, white rectangles represent the switched off BSs,
and black rectangles represent the BSs still on).

given by
ESe, /e, = (€2 —e1)/e2 x 100, (1)

i.e., if (ea — e1) BSs are switched off out of every e,
BSs, the total energy savings in the system will be
proportional to (e2 — e1)/ea.

3.2 User distribution

The UEs are assumed to be randomly distributed in
the region A with an average UE density of p per m?.
Given p, we define w(u) or simply w as a user realiza-
tion in the area A. Then, given a BSS pattern A, /.o
and a UE realization w, the number of UEs associated
with a sector s is denoted by N,(w(u), A, je,), Or
simply N,. Note that the number of users in each
sector need not be the same for a given realization
and depends on the UEs’ distribution. The network
is designed for some expected (nominal) user density
1*. We expect that ;¢ changes over time and falls
much below p*, for example, at night. In such a case,
we investigate whether some BSs can be switched
off (using one of the proposed BSS patterns) to save
energy while maintaining some level of performance.

3.3 The Channel Model

The SINR from a transmitter = to a receiver r on a
channel ¢ is given by

xr NO + Iir )
where Nj is the additive white Gaussian noise power
on the channel, G¢, is the channel gain between z
and r on ¢, Pg, is the transmit power used by x and

1%, is the cumulative interference seen by the receiver
r on channel c¢. Note that P¢,. is allocated by the

Vor = ()
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scheduler and that the interference I, is a function
of the locations of the interferers (which depends on
the BSS pattern), and the transmit power they use on
¢ which is in turn a function of the scheduler.

We consider symmetric uplink and downlink chan-
nel gains. Given a user realization w, we assume that
the BS has the knowledge of UEs’ channel gains and
an estimate of the interference. Further, we assume
that the interfering BSs use the same scheduling
schemes as the BS under consideration on both uplink
and downlink. The interferers on a downlink are
the BSs transmitting on the same band and their
positions are known and fixed. Unlike the downlink,
the interfering UE locations for the uplink are not
fixed and known. Given a BSS pattern, to simplify
the analysis, we consider the interfering UE locations
(one per sector sharing the same channels as the sector
under consideration) to be such that they yield high
interference to any point in the sector (i.e., in Fig 1,
Fig. 2, Fig. 3, and Fig. 4, “x” represents the locations of
all the uplink interferers for a UE in the “pink” sector
of the BS at the centre, marked by a yellow rectangle).
In summary, the SINR is a function of the transmit power
per channel and the interference that significantly depend
on the scheduler for both the uplink and the downlink.
Further, the interference also depends on the BSS
pattern.

3.4 Scheduling

Scheduling is the core functionality of a cellular net-
work in that it affects performance and interference.
There are many ways to design a scheduler (be it
on the downlink or the uplink). A scheduler allo-
cates a combination of channels, power per channel,
and time slots to each UE to optimize an objective
function. Typically, to provide proportional fairness
to UEs [3], the objective is to maximize the product
of the UEs’ throughput assuming that each UE is
greedy. By allocating in a (downlink or uplink) frame,
power to channels and channel to UEs on a time
slot basis, a scheduler allocates a specific per frame
throughput to a UE and this allocation produces inter-
sector interference. The resources to be allocated to the
UEs associated to the BS are different for the downlink
and uplink. In the downlink, the BS transmit power
is distributed over the channels in each time slot,
while in the uplink, each UE brings its own power
Pyg. The difficulty with scheduling comes from the
fact that it has to be computed often, fast, and it
is intractable in its most generic form. Hence, the
objective is to design schedulers that are tractable
and quasi-optimal. The problem has received a lot
of attention for a nominal (i.e., 4;/;) system on the
downlink but little attention in the case of BSS where
flexibility becomes another criteria as we will see
next. We denote a pair of scheduling schemes by £
= (£P,¢Y), where ¢P and ¢V denote the downlink
and uplink schedulers, respectively.

3.5 Coverage

We define coverage with respect to a non-zero rate.
The rate that a UE receives on the downlink (resp. the
uplink) depends on the downlink (resp. the uplink)
scheduler, its channel gains, the BSS pattern under
consideration, and the resultant interference. In the
following, we say that a scheduler &P (resp. ¢Y)
provides full coverage in the downlink (resp. uplink)
if the scheduler can provide non-zero rate to the UE at
the farthest locations (a function of the BSS pattern) as
long as the fading is less than a certain predetermined
threshold.

3.6 Performance Metric

Let )‘1? (€D7 w, Ael/eZ) and )\g(gU’ w, Ael/e?)/ respec-
tively, denote the downlink and the uplink through-
put of a UE n for a given realization w, a scheduler
pair (¢P.¢Y), and a BSS pattern A.;/.2. Note that
NP (EP w, Actjen) (resp. AY (Y, w, Aci/en)) depends
significantly on the scheduler ¢P (resp. ¢V) and the
BSS pattern under consideration. We consider the
geometric mean throughput of all the UEs in the
sector of the cell under consideration as our metric
for quantifying user performance (this is the natural
metric if we consider proportional fairness as the
fairness criteria [15], [17]). We denote the geometric
mean throughput of the UEs in the sector on the
downlink and uplink by GMP (¢P,w, A.1c2) and by
GMY (€Y, w, Acy/e2), respectively. Then, we have

2

GMsD(gDawaAel/e2): BN Ay?(gDawaAel/eQ) s

3
Il
A

—=

GMsU(é.anaAel/EQ): " Ag(ganaAel/e2) (3)

3
Il
A

where N, is the number of UE connected to the sector
for the realization w and the BSS pattern A.; /... We
then define the overall performance metric of a sector
for a given w, A.1/c2, and a scheduler pair & as

I‘S(anaAel/e2) é GMSD(gDawaAel/eQ)'f' (4)

GMsU(ngwvAel/eQ) .

We have already shown that the BS sectors need not
be symmetric for the various BSS patterns. Hence, for
a scheduler pair &, a user density 4, and a BSS pattern
Aci/e2, the cell level average performance metric is
defined, using (5), as

1
F(éa,uvAel/eQ) = Ey, § ZFS(€7M?A€1/€2) ) (5)
s€S

where the expectation is over the UE realizations w
and S represents the set of sectors associated with
the cell under consideration. Although, the BS sectors
may not be symmetric, all the cells of a BSS pattern
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Fig. 5. Energy savings versus throughput trade-off for
a given user density.

have the same coverage area. Hence, the extension of
the performance results from a cell to a system level
is trivial and not considered. Next, we present the
theoretical formulation of the problem considered in
this paper.

3.7 Problem Formulation

Our design objective is to maximize the system per-
formance metric (given in (5)) for each BSS pattern.
Note that we have already shown the computation
of energy savings from a BSS pattern in (1). Given
a user density p, a scheduler pair £ a TDD time
fraction , and a finite set of BSS patterns, we will
obtain energy savings versus throughput performance
trade-off curves as a set of possible points (repre-
sented in Fig. 5 by one point per BSS pattern and
a scheduler pair) instead of a continuous energy-
performance Pareto frontier described in [7] (depicted
by the throughput-energy trade-off limit in Fig. 5).
Further, it is possible that the optimal scheduler pair
can provide full coverage for a given BSS pattern
while it is not so for another pair (e.g., there is no
green circle for the highest energy saving in Fig. 5).
Hence, for any specific scheduler pair there might
exist BSS patterns for which full coverage cannot be
provided, such patterns are considered as unfeasible.
Thus, the design objective for a feasible BSS pattern,
can be represented as a maximization of (5) for a given
&, 1, and Ay /2. Note that we will obtain different sets
of trade-off points depending on the schedulers. The
optimal schedulers for uplink and downlink can reach
the trade-off limit as depicted in Fig. 5. However,
as will be shown later, optimal schedulers can be
computationally complex and not usable in a realistic
scenario. Hence, our objective is to propose suitable
uplink and downlink schedulers that can deliver good
throughput-energy trade-offs compared to the exist-
ing benchmark schedulers (discussed later). In the

next section, we present the different downlink and
uplink schedulers considered in this paper for BSS.

4 SCHEDULING FOR BSS

Given a BSS pattern A.;/.2, a TDD time fraction 3,
and a user realization w in the sector under con-
sideration, we consider various scheduling schemes
in this section. Note that given § and a scheduler
pair &, using (5), we can completely decouple the
performance metric per sector I'y(§, w, A1 /¢2) for the
downlink and the uplink. We first consider the case of
optimal schedulers on the downlink and the uplink.

4.1 Optimal Schedulers

On the downlink, the optimal scheduler in a sector
will allocate, in every downlink frame, the available
channels (1//3) and the time slots (T') to the UEs with
the BS transmit power (Ppg/3) suitably distributed
over the channels in each time slot. Given the num-
ber of UEs in the sector N;, the optimal downlink
scheduling at this sector can be formulated as the

following optimization problem ¢/ ;,

&?m‘ : max )‘7?(51?757;71071461/@2) (6)
BN NI g Y
st xh’e{0,1}VteT,ce Mi,neN;, (7)
P

> Zpgc<ﬁw67 (8)

neNs cE My
zhe<1VteT,ce My, )

neNs

‘P

pPhe < T Prs ., T,ce Mi,n e N, (10)

({opt'mw Ael/e2 Z Zﬂ 5 Lf( 7L Gé’rl)vn € NS7 (11)

It c
teTceMy s

where f is a mapping between the SINR per chan-
nel and the efficiency of the modulation and coding
scheme (MCS) for LTE given in Table 2, P} denotes
the downlink transmit power from the BS sector s to
UE n in time slot ¢t and channel c. The interference at
UE n in time slot ¢ on channel ¢ can be calculated as

follows
> ren )
$#s,5€B

Iy = (12)

where, Pl is the downlink power allocated by the
scheduler at the interfering BS § on the same channel
¢ (equal to zero if the channel is not in use or the
BS is switched off in the BSS pattern under con-
sideration), G¢,, is the channel gain from the BS 3
to the UE (for the sectors using the same channels
as the one under consideration), and the location
of the interferers are known. We assume adaptive
modulations with discrete rates such that whenever
the SINR lies between any two thresholds, in Table 2,
the rate f(Py°Gs,/(No+ ILy)) obtained by the UE
on that channel is the corresponding efficiency mul-
tiplied with SCOFDMSYOFDM/Tsubframe [18]. Simi-
larly, given N, the optimal uplink scheduling at a
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TABLE 2
Modulation and Coding Schemes-LTE
SINR thresholds (in dB) | -65 | 4 | 2.6 | -1 1 3 [ 66 | 10 [ 114 [ 11.8 | 13 | 138 | 156 | 168 | 17.6
Efficiency (in bits/symbol) | 0.15 | 0.23 | 0.38 | 0.60 | 0.88 | 1.18 | 148 | 1.91 | 241 | 2.73 | 332 | 39 | 452 | 512 | 555

sector can be formulated as the following optimiza-

tion problem gopn,

Eopti:, max < [T (séémw,Ael/eg)) (13)
{zn 3 AP} neNs
st xhe{0,1}VteT,ce€ M1, n €N, (14)
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where I5¢ represents the interference on channel ¢
seen by the BS due to UEs other than UE n operating
on the same channel in the nearby cell sectors (repre-
sented by an expression similar to (12)) at time ¢ and
is a function of the BSS pattern and the scheduling at
each of the interfering BSs.

Given the optimal downlink and uplink schedul-
ing schemes in (6) and (13), we can compute the
performance metric (in (5)) by averaging over mul-
tiple UE realizations and the sectors of the BS under
consideration for a BSS pattern and 8. However, the
optimal schedulers for the downlink and the uplink
described in (6) and (13), respectively, have non-linear
objective functions, non-linear constraints, and integer
variables. Moreover, the interference in the SINR ((11)
and (18)) is dependent on the scheduling at the inter-
fering sectors as well as the BSS pattern and is difficult
to estimate. Thus, the optimization problems ¢/, and

U i are NP-hard and difficult to solve for a practical
cellular network. This has motivated the proposal of
simpler schedulers that we call benchmark schedulers
and present in the following sub-section. They were
proposed in the context of nominal systems (i.e., A1 /1)
because they provide full coverage, are simple in
terms of power allocation, and make the estimation
of the interference relatively easy. The problem is that
they do not fare well in the BSS context.

4.2 Benchmark Schedulers

For mathematical brevity, in the rest of the paper,
we assume that the channels are flat. The downlink
scheduler assumes that the BS allocates all its power
(Pps/3 in each sector) to a UE n in a given time slot.
This single-UE scheduling in a downlink time slot is a
strong but natural assumption due to the coupling of
power in the downlink. It enables the simplification

of the problem especially if we relax the integrality of
time. Let a2 denote the fraction of the downlink time
the BS allocates to UE n. During this fraction of time,
the sector’s transmit power is used only to transmit
to UE n. This power is then equally divided over
all the M /3 channels. Thus, the benchmark downlink
scheduler ¢ . can be represented as the following
optimization problem.

gb[;nch * max ( H Ag(gbfénch7w7*‘481/82)> (19)

{e?} \en.
st Y af = (20)
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It has been shown in [17] that this proportional fair
scheduler will allocate equal fraction of time to all
UEs. Hence, on the downlink, the benchmark sched-
uler allocates, to each UE in the sector, M/3 channels
for B/N; fraction of the time and transmits with equal
power per channel PP =