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Abstract—Energy saving in cellular networks can be
achieved by implementing the cell switch-off (CSO)
approach in periods of light traffic. Regular static
CSO (CSO patterns) is a type of CSO where the set
of active cells is predetermined such that they are
located on a regular grid. It is known that regular
cell layouts generally provide the best coverage and
downlink SINR. Furthermore, CSO patterns assure
that interfering cells are as far away as possible and
help in modeling interference accurately. Existing lit-
erature on CSO patterns focuses only on site-level
CSO (switching off entire BSs); however, significant
gains can sometimes be obtained from sector-level CSO
patterns (switching off individual sectors).

This paper is the first to introduce and investi-
gate sector-based regular CSO patterns by providing
illustrative examples. We compare the performances
of different CSO patterns in terms of the number of
supported users. Also, we analytically compare site-
based versus sector-based CSO patterns in terms of
power saving. Our results show that patterns with only
one of the three sectors active (each with the same
orientation) can support the most users per sector, due
to a favourable interference situation.

Inder Terms—Green Communications, LTE, Cell
Switch-Off (CSO), Regular Static CSO, Sector-Based
CSO Patterns.

I. INTRODUCTION

The number of base stations (BSs) has been increasing
rapidly to serve the growing demand for high data rates,
and sometimes over-provisioning to cope with peak traffic.
This leads to many BSs being underutilized in periods
of light traffic. The fact that, in cellular networks, most
of the power is consumed by BSs regardless of their load
motivates the cell switch-off (CSO) approach. CSO aims at
switching off some unnecessary BSs without sacrificing the
quality of service for user equipments (UEs) or affecting
the coverage area (see survey papers [1, 2] for details).

When a cell is switched off, its UEs need to be reas-
signed to neighbouring cells, perhaps less advantageous in
terms of SINR. This reassignment of UEs requires proper
interference characterization; one accurate way to model
interference is by predetermining the set of active cells,
i.e., the cells that actually generate the interference in the
system. This is sometimes referred to as offline or static
CSO 1, 2]. Different sets of active cells are predetermined
offline, and the operator selects the appropriate set to

accommodate the current traffic density [3]. Offline CSO
is usually applicable for longer switching durations (in
the order of hours) and is often based on historical load
distribution. Therefore, the interference can be modeled
appropriately (in statistical terms) by including only the
predetermined set of active cells [4].!

Regular static CSO (CSO patterns) is a special case
of static CSO, where active BSs are predetermined such
that their locations form a periodic (regular) pattern [2].
A pattern is the configuration of active BSs, which is
repeated in a spatially periodic manner. CSO patterns are
already under consideration by several research groups [4—
11]. The effect of different CSO patterns on the outage
probability is investigated in [4, 6], while the effect on the
blocking probability is studied in [8, 10]. Authors in [11]
introduce a set of CSO patterns and propose a scheduler to
jointly ensure full coverage for both downlink and uplink.
Regular CSO patterns resemble the intuitive well-known
frequency reuse patterns. It was shown that, for the same
number of BSs, the best SINR distribution can be achieved
when the BSs are located on a regular grid [12], which
guarantees that interfering cells are as far away as possible,
and reduces the coverage holes. Also, it is more energy-
efficient for UEs in the uplink when there is always a
nearby cell [13, 14].

Contributions: Previous literature on regular CSO
patterns only studies switching off entire BSs (site-level),
however, additional gain may be obtained from switching
off individual sectors within each BS (sector-level). To the
best of our knowledge, this is the first paper to introduce
sector-based CSO patterns and compare their performance
in terms of number of supported UEs. We also analytically
compare the site-level versus sector-level power saving.

This paper is organized as follows: Section II discusses
the newly-introduced sector-based CSO and studies their
power consumption. Section III describes the simulation
setup, while Section IV provides a case study, comparing
the performance of some CSO patterns. Section V con-
cludes the paper.

IStatic CSO can be seen as a cell planning problem, but with
a constrained set of BS locations. While in cell planning, the BS
placement is based on a wider set of possible locations, in CSO, the
locations are restricted to the actual sites of BSs, from which a subset
is chosen to be active.
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Figure 1. Different patterns with p = 1/3 active sectors.

II. METHODOLOGY

A. Sector-Based CSO Patterns

The patterns are denoted as P(n/m,k/3), where the
first term inside parenthesis corresponds to the site-level
pattern (the proportion n/m of active BSs), and the
second term corresponds to the sector-level pattern (the
number k of active sectors per BS). The proportion of
active sectors is p = [P(n/m,k/3)| = 2£ € [0,1].
Therefore, the pattern for which all BSs and all sectors
are active (i.e., without CSO) is referred to as P(1,3/3).

In order to further illustrate this idea, we focus on four
interesting examples, each having CSO patterns with the
same proportion of active sectors, but with different sector
configuration. These patterns are illustrated in Figs. 14,
where black triangles represent BS (site) locations, and
each site has three sectors. The UE is connected to sector
1 (the red hexagon). Green hexagons are active sectors,
which cause interference to the UE, while white hexagons
are switched-off sectors.

1) One third of the sectors are active: This example
illustrates three patterns where one third of the sectors
are active (i.e., p = %), namely: P(1,1/3) (where all BSs
are active with one out of three active sectors), P(1/3,3/3)
(where one out of three BSs is active with all sectors are
active), and P(2/4,2/3) (where two out of four BSs are
active, each with two out of three active sectors).

2) One fourth of the sectors are active: This example

illustrates two patterns where one fourth of the sectors are
active (i.e., p = 1), namely: P(1/4,3/3) and P(3/4,1/3).
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Figure 3. Two patterns with p = 2/9 active sectors.

3) Two ninths of the sectors are active: This example
illustrates two patterns where two ninths of the sectors are
active (i.e., p = 2), namely: P(1/3,2/3) and P(2/3,1/3).

4) One sixth of the sectors are active: This example
illustrates two patterns where one sixth of the sectors are
active (i.e., p = %), namely: P(1/4,2/3) and P(2/4,1/3).

B. Performance Metrics

The average number of supported UEs is used as the
metric to compare the performance of different CSO pat-
terns. UE 7 is connected to the sector that provides it with

Figure 4. Two patterns with p = 1/6 active sectors.



the best downlink SINR +;. Hence the downlink spectral
efficiency n; of UE; is found to be

ni = logy(1 + ;) [bps/Hz]. (1)

Because the patterns are periodic in space, sector 1
is representative of the whole network. Among the UEs
that select to connect to sector 1, some of them might
have a very weak SINR (< 4min), and the UE cannot
receive any useful signal, and is in outage. Other UEs have
very high SINR (> 4max), higher than what the current
constellations can utilize; therefore, these high SINRs are
truncated.?

UEs are admitted to the network on a first-come first-
served basis regardless of their bandwidth demand b;:

b=, 2)
Us
which depends on 7;, and the UE’s downlink rate require-
ment R.

UEs are admitted one-by-one, their bandwidth require-
ment are added up until the next UE exceeds the band-
width W. Thus the capacity constraint is

N
> bi< W (3)

The average number of UEs per active sector is then
close to W/E {b}, which is

w
— . 4)
RE{1}
n
The average number of UEs per system sector is
pE{N}. The total number of UEs supported by the

network is found by multiplying pE{N} by the total
number of sectors in the network.

E{N}

C. Power Saving in Sector Switch-Off

In CSO literature, the amount of energy saving is
assumed to be proportional to the proportion of switched-
off sectors (1 — p). Although this is a valid assumption,
especially since the power consumption of a BS is highly
independent of its load [3, 16, 17]; it is worth investigating
the power saving ratio between site switch-off and sector
switch-off. In a typical LTE network, each BS has three
sectors; however, switching off one sector per BS does not
necessarily result in one third of energy saving. This is
because there is common hardware that is shared among
the three sectors at each site, such as cooling and baseband
processing equipment. A site with all three sectors active
consumes a total power of

Psite:PC+3PSa (5)

where Pc is the common power consumed at a site, and
Ps is the additional power consumed per individual sector.

2 For LTE networks, typical values for Ymin and ymax are -7 dB
and 18 dB, respectively [15].

We now compare two patterns which have the same pro-
portion of active sectors p = 3. For pattern P(n/m, 1/3),

™

the average power consumption per system site
n
Ppattern,l = E(PC + 1PS)7 (6)
and for pattern P(n/3m,3/3), we have
n
Poattern2 = — (P 3Fs). 7
pattern,2 3m(C+ ) (7)

We compare the consumed power per UE, and find the
breakpoint using

Ppattern,l _ Ppattern,2 (8)
E{Ni}  E{Na}’

2(Pc+1Ps)  E{N;}
2= (Po+3Ps)  E{Ny}

After some simplifications we obtain

(I+a) 1 (10)
(1+9) &
where § = E{Ny}/E{N;} and a = Pc/Ps.?
Finally, we can find the breakpoint as
1-9
3

If @« < a*, then the site-level pattern P(n/3m,3/3) is
more efficient; otherwise, the pattern P(n/m,1/3) with
1/3 active sectors is preferred. Similar calculations can be
done for the case of 2/3 active sectors; however, we will
find in the next section that those patterns are not very
advantageous in terms of energy efficiency, regardless of a.

=

a*

III. SIMULATION

In this paper, we consider the downlink performance for
a cellular network with hexagonal layout. The simulation
results are obtained using the Urban Macro-cell (UMa)
scenario, according to the evaluation guidelines of [18]. The
simulation parameters are listed in Table I.

The patterns are assumed to be periodic, i.e., they
expand to infinity. We consider enough interfering BSs to
obtain accurate SINR values for UEs connected to sector 1.
For each CSO pattern, we simulate many UEs to estimate
the average number of UEs that can be served by sector 1.

Fig. 5 compares the performance of different CSO pat-
terns. The x-axis is the average number of UEs per system
sector. The y-axis is proportional to the total energy
saving (when o = 0 ). The system energy consumption is
computed from both the y-axis value and the marker type;
different markers indicate the number of active sectors
per BS site. The reference line gives locations where the
performance of the network is scaled proportionally with
respect to the fully active network P(1,3/3). The trend
is that patterns with all sectors active fall close to the
reference line, as do patterns with two active sectors per

3The value of o would be known by the network operator.



o
-
T

3/4

U
g *
Q
206
2 34
805 23
G
5 o4l
- W
s o)
o 0.3r ] 1
"3 o ¥ P(n/m,3/3)
02 L v & o, O P(nm,1/3)
20 A P(n/m,2/3)
01+ » Reference Line
' m s CSO Pattern Operational Region
0 | | | 1 1 1
0 5 10 15 20 25 30

p E{N}, number of users per system sector

Figure 5. Performance comparison of different CSO patterns. The x-axis is the average number of UEs supported per system sector when
W/R = 20. The y-axis is proportional to the total energy saving. Different marker types indicate the number of active sectors per BS. The
reference line gives locations where the performance of the network is scaled proportionally with respect to the fully active network P(1,3/3).
The operational region curve follows the best performing pattern for any given p. Patterns with p > 1/6 have outage probability of < 2%,
while the remaining patterns have outage probability between 2% and 9%.

Table I
SIMULATION PARAMETERS FOR URBAN MACROCELL (UMA)
SCENARIOS
[ Parameter [ Assumption |
Cellular layout hexagonal
Sectorization three 120° sectors
Antenna pattern [18, Sec. 8.5]
System bandwidth 10 MHz
UE required rate 500 kbps
Inter-site distance 500 m
BS antenna height 25 m
Cell transmitted power 46 dBm
Carrier frequency (f.) 2.0 GHz

UE distribution independent and uniform
Probability of indoor UEs 0

UE noise figure 5 dB
BS noise figure 7 dB
Thermal noise -174 dBm/Hz
Shadowing spread (LOS) 4 dB
Shadowing spread (NLOS) 6 dB
SINR range [-7, 18] dB
Traffic type full queue

BS. Interestingly, patterns with one active sector per BS
fall to the right of the line (perform better). Notably,
consider the case of p = 1/3: the number of active sectors
is reduced to one third; however, the average number of
UEs that can be supported by pattern P(1,1/3) is only
reduced to half the full capacity of P(1,3/3). The yellow
staircase curve shows the operational region based on the

best performing pattern for any given p; this curve can be
used by operators to select the best pattern to support a
given user density demand.

IV. CASE STUDY

In this section, we further investigate CSO patterns with
p =1/3, shown in Fig. 1.

A. SINR Distribution

Fig. 6 shows the effect of applying different CSO pat-
terns on the resulting cumulative distribution function
(CDF) of the SINR for UEs connected to sector 1. Very
high SINR values were obtained from pattern P(1,1/3),
with only one active sector per BS. This improvement is
due to the reduction in the number of nearby interferers
as all active sectors are pointing in the same direction.
However, higher SINR values are truncated at 18 dB [15];
these higher values might be of interest in future systems
that allow for higher constellations.

B. Number of Users per Active Sector

The distribution of the number of UEs supported by an
active sector is shown in Fig. 7 for each pattern: Pattern
P(1,1/3) can support the most UEs (41) per active sector
on average, and about 32 UEs 95% of the time. The the
number of UEs closely follows a Gaussian distribution.
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Figure 6. CDFs of SINR for patterns in Fig. 1 (with p = 1/3).
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Figure 7. CDFs of the number of UEs per active sector for patterns
in Fig. 1 (with p = 1/3), when W/R = 20. Each CDF closely follows
a Gaussian distribution.

C. Energy Efficiency Aspects

Based on the calculations in Section II-C, we can find
the breakpoint that indicates which pattern is better in
terms of energy efficiency per UE. While the patterns with
2/3 active sectors are never very advantageous, the pattern
P(1,1/3) is advantageous over pattern P(1/3,3/3) as long
as Ps/Pc > a = 0.9524, as found from (11).

V. CONCLUSION

While regular CSO patterns have been studied in the
literature, this paper is the first to investigate regular
sector-based CSO patterns, where switching off individual
sectors per BS is allowed. We compared the performance
of these patterns in terms of the number of users a pattern
can support. Notably, patterns with one active sector per
active BS (the same sector in each BS) perform best
due to a favourable interference situation. In particular,
when all BSs are on with only one active sector each, the
system can support half the number of users of the fully
active network, and even more if higher SINR values are
supported in future networks.
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