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Abstract

Reducing mobile network and device energy consumption is one of the main objectives of the fifth and
future sixth-generation (5G and 6G) cellular networks. This paper studies the Base Station (BS) and User
Equipment (UE) energy consumption in scenarios where many users demand the same content and broadcast
transmission might be used. We present analytical models to calculate the energy consumption in unicast,
Multicast Broadcast Single Frequency Network (MBSFN), and Single-Cell Point-to-Multipoint (SC-PTM).
Furthermore, we calculate the number of users per cell from which SC-PTM or MBSFEN help to reduce BS
and UE energy consumption compared to unicast.

Index Terms - MBSFN, SC-PTM, Broadcast, Unicast, Mobile Networks, Stochastic Geometry, Energy Con-
sumption.

1 Introduction

Energy consumption is a great concern in many fields of study due to the economic and environmental cost of
energy production. Specifically, mobile networks account for 1-2% of the world energy consumption [1]. Thus,
one of the main requirements for the fifth generation (5G) of cellular networks is a 90% reduction in network
energy usage |2]. Broadcast transmission is a promising solution to reduce energy consumption in scenarios
where many users demand the same content as sportive events or group communications in mission critical
scenarios. However, few works study the energy consumption of broadcast transmission compared to unicast
transmission. In (3] and [4], we show that in situations where many users demand the same content, broadcast
transmission allows to reduce bandwidth utilization compared to unicast. Our results motivated this study
in which we compare broadcast and unicast in terms of Base Station (BS) and User Equipment (UE) energy
consumption.

Multicast-Broadcast Single-Frequency-Network (MBSFN) and Single-Cell Point-to-Multipoint (SC-PTM)
are the two broadcast technologies standardized by the Third Generation Partnership Project (3GPP). SC-
PTM refers to broadcast transmission in only one cell. Users in the cell interested in the broadcast content
receive the same information at the same bitrate. The bitrate is set based on the user with the lower Signal-to-
Interference-plus-Noise Ratio (SINR) in the cell. This is different from unicast in which each terminal receives
at a bitrate according to its SINR thanks to link adaptation techniques. However, in terms of interference,
SC-PTM and unicast are similar because neighboring cells generate interference power. MBSFN transmission
consists on a group of synchronized cells, called MBSFN area, that transmit the same information at the same
time to the users demanding the broadcast content. The transmission bitrate aims to cover the users with the
lowest SINR in the whole service area. With MBSFN interference is generated only by the cells outside the
MBSFN area.

The problem we address in this paper is the switching between unicast and broadcast in order to reduce
energy consumption. Energy consumption depends on many system parameters: bitrate, transmission time,
transmission power, bandwidth, transmission mode, network deployment, among others. Providing a model that
considers all these parameters is not an easy task. Authors in [5], proposed a scheduling algorithm to reduce
UE energy consumption when receiving in MBSFN mode. They showed that MBSFN helps to reduce energy
consumption on the UE compared to unicast. However, a model for SC-PTM and a BS energy consumption
model are not provided.
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This study provides an analytical model to calculate the energy consumption on the UE side and the BS side
in unicast, MBSFN and SC-PTM transmission modes. The model considers BS and UE distributed according
to Poisson Point Processes (PPP). This allow us to use stochastic geometry theorems and previous results.
Furthermore, we calculate the number of users per cell to switch from unicast to MBSEFN or SC-PTM in order
to reduce energy consumption. Afterwards, we compare the user threshold to reduce radio resource utilization
[3], with the user threshold to reduce BS and UE energy consumption.

The remainder of this paper is structured as follows. Section II presents the research work that set the basis
of our study and section III presents the energy consumption models. In section IV we present the analytical
calculation of the user thresholds from which MBSFN and SC-PTM help to reduce energy consumption in the
UE and BS side. Results are presented and analysed in section V and conclusions are presented in section VI.

2 Related Work

2.1 Power Consumption Model

This section presents the UE and BS power consumption models used to calculate energy consumption.

2.1.1 User Equipment Model

In this study we consider the LTE UE power consumption model presented in [6]. According to this model the
power consumed by a UE in downlink (DL) is calculated as

Pug = Peon + Prx + Prxr(Urx) + PrxBB(CRx): (1)

where P,y is the average power consumption in Radio Resource Configuration (RRC) connected mode and
Pry is the base power the UE signal-processing-chain consumes when active. The power consumed by the Radio
Frequency (RF) parts, Prxrr, is a function of the downlink power level in dBm, Ugy, and it is given by

Pryxrr (Urx) = Poge + P1rr Urx- (2)

The power consumed by the Baseband (BB) parts, Prxps, is a function of the DL bitrate in Mbit/s, Crx,
and it is calculated as

Pry«BB(CRx) = Pogs + Pigs Crx- (3)

The values for Peon, Prx, Porp, Plrr; Pogs and pigp are constant and provided in [6]. Therefore, the UE
power consumption depends on the DL power level (Urx) and the DL bitrate (Crx). In this study we use a
fixed value for Ury, thus the UE consumed power can be expressed as

Pyg = K + p155Crx, (4)

where K = Peon + Prx + Prxrr(Urx) + Pogg -

2.1.2 Base Station Model

The Base Station power consumption is studied using the model presented in [7]. The model considers an LTE
system with 10 MHz bandwidth and a BS maximum transmit power of 43 dBm. A BS antenna is served by a
transceiver (TRX) that comprises: a power amplifier, an RF small-signal TRX module, a BB engine, a DC-DC
power supply, an active cooling system and an AC-DC unit for connection to the electrical grid. Considering all
these components, authors of 7] estimate the power consumption per TRX chain for LTE Macro Base Stations
(Pgs)-

2.2 SINR probability distribution

Some authors have developed analytical expressions to calculate the SINR probability distribution of users when
receiving in unicast and MBSFN transmission modes using stochastic geometry. This section presents how to
calculate the probability of coverage for unicast and MBSFN which is the SINR Complementary Cumulative
Distribution Function (CCDF) such that p.(T") = P[S > T, where S is the random variable (r.v.) representing
the SINR and 7 is the SINR threshold.

2.2.1 Unicast

Authors in [8] propose an expression to calculate the probability of coverage in unicast (pey) as follows



Peve(T) = W/\BS/O e ™Ansv(Lp(To0) ~T Pro®/? dv, (5)
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where Py = % is the normalized noise power. P, denotes the BS transmission power and N the noise
power. They consider omnidirectional BS located according to a PPP of density Ags and the path loss model is
based on Okumura-Hata-Cost231 with fading. The path loss exponent is denoted as « and the path loss factor
as k. The received power is thus given by Pik/r® where r is the distance between the transmitter and the
receiver. Rayleigh fading is modeled as an exponential random variable (r.v.) with unit rate.

2.2.2 MBSFN

In the case of MBSFN, we proposed an expression in [4] to calculate the probability of coverage for a user
located at any place inside an MBSFN area. This area is formed by the BS located inside a disk of radius Rs.
The total considered area is a disk of radius R such that R > Rs. Let £ be the ratio between the distance from
the user to the center and the radius Ry of the MBSFN area as shown in Fig. [1] (0 < ¢ < 1). Other parameters
are similar to the unicast model. Therefore, the probability of coverage for a user receiving in MBSFN mode is
calculated as

orn) = 5+ 7 [ InLAGITIe T ot ™
where
R 27 sr
Zo(s) = exp (—A /O /O Wd@dr), (8)
R 2 sr
)= ([ [ o), o
and

D(r,0) = ((£Rs)* + r> — 26Ryr cos(6))>. (10)

2.3 User Threshold to switch from unicast to Broadcast

In this section, we use our analytical method [4] to calculate the number of users per cell to switch from unicast
to broadcast (MBSFN or SC-PTM) in order to reduce radio resource utilization. The main steps are presented
in the following for the sake of clarity.

2.3.1 Unicast to MBSFN

The user threshold to switch from unicast to MBSFN is calculated as

sy
UTSFN = Tuc ’ (11)

where I'spy is the ratio between the system bandwidth (W) and bitrate (C') in MBSFN mode such that

w 1
r = =|—|, 12
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where Shgpy 18 the minimum SINR to cover in MBSFN mode. It is determined based on the coverage
requirement using . On the other hand, I'y¢ is the ratio between bandwidth and bitrate in unicast mode
such that

W_ gl
C " |logy(1+S5)

where Spo is the minimum SINR to cover in unicast mode. It is determined based on the coverage
requirement using . The expected value is due to unicast link adaptation. It is solved as follows

PUC = ‘S Z SmUC:| ) (13)



SMyc
've = g(SMUC)F(SMUC) - g(SmUC)F(SmUC) _/S F(S) dg(S)v (14)

myc

where Sy is the maximum SINR in unicast, F/(S) = 1 — pey () is the Cumulative Distribution Function

(CDF) of the unicast SINR, ¢(S5) = m and

—In(2) ds (15)
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2.3.2 Unicast to SC-PTM
In the case of SC-PTM, the user threshold is calculated as

T
UTSC = Fﬂ, (16)
ucC
where
W 1
Te = — = |——— | 17
5¢ O |:10g2(1+smsc)] ( )

Since SC-PTM is broadcast transmission in one cell then, Sy = Smyc-

3 Energy Consumption Model

Consider a service area in which the users are located following a PPP of density Ayg. This service area is
a disk smaller than the MBSFN area and centered on it, see Fig. In MBSFN mode, the minimum SINR
to cover (Smepy) Sets the transmission bitrate. This minimum SINR is usually perceived by users close to the
border of the MBSFN area since they receive a high interference power. Therefore, we fix the radius of the
service area as £ Ry and calculate the probability of coverage for a user at the border in order to determine the
bitrate of the MBSFN transmission.

The UE power consumption depends on the transmission bitrate and the total energy consumption depends
on the transmission time. Hereafter we present how to calculate these values and use them to obtain the energy
consumption in unicast, MBSFN and SC-PTM.

Simulation area

MBSFN area

o —-

o . "---..H\
Serv!gge_ area “\

UE A BS
® UE - Jowest SINR

Figure 1: Model for the Energy Consumption in MBSFN mode



3.1 Energy Consumption in Unicast

The average downlink bitrate in unicast mode is calculated as

Cuc = WE[logy (14 9)|S > Smye] - (18)
The expected value in can be calculated as in by using ¢(S) = log,(1 + S) and, thus,
1
dg(S) ds. (19)

~ SIn(2) +1n(2)

In unicast, the average transmission time [s/bit] is calculated as

1 T'ue
——— |5 > Sh = —, 20
Wlog2(1+5)’ - Uc] w (20)

Notice that E [%] #* ﬁ and thus tyc # C—}JC Now, the energy consumption for all the BS is calculated as

tUCZ]E|:

u

NBSve (21)

Egsye = Nesye PrsDrxtuc
= PpsDrytucNy,

where Npg,, is the total number of BS that transmit in unicast mode, Pgg is the BS power consumption, Dy is

the amount of data to be transmitted and N, = Aypm(£Rs)? is the average number of users in the service area.

Since BS in unicast do not transmit if there aren’t any users camped on them, Npg, = min { Ny, Apsm(£Rs)?}.

The factor %sm accounts for the fact that radio resources are shared in unicast. The more users per cell, the

longer the time to transmit a certain data to all of them. Notice that Eg,, does not depend on the BS density.
The energy consumption of all the UE is calculated as

Ny Ngs
EUEUC = NuDTxtUC NBS (K “V‘plBBCUCA/vLI(j)
uc u

N o DryxtucK

u

(22)

N, + NuDTXtUCplgBCUC~
BSuc

Take into account that the UE power model considers the bitrate in Mbit/s. Furthermore, the average

bitrate in unicast is multiplied by NBTSEC because the capacity of each cell is divided equally among the users

of the cell.

3.2 Energy Consumption in MBSFN
The downlink bitrate in MBSFN is calculated as

Cspn = W [10g2(1 + SmSFN)] ) (23)

and the average transmission time is tspn = Csle = F%N. Then, the energy consumption for all the BS is
calculated as

Essen = NBssen PBsDrxlspN, (24)

where Npggpy = ApsTRs2, is the number of BS in the MBSFN area. Notice that Epsepy does not depend
on the UE density. On the other hand, the energy consumption for all the UEs is calculated as

Euggen = NuDrxtsen (K + pig Csen). (25)

3.3 Energy Consumption in SC-PTM
The downlink bitrate in SC-PTM is calculated as

Csc =W [IOgQ(l + Smsc )] ’ (26)
Isc
w

and the average transmission time is tgc = C%c =
consumption for all the BS is calculated as

Epsse = Npsse PBsDrxtsc, (27)

where Npgy, = NBsyq, is the number of BS that transmit in SC-PTM mode. On the other hand, the energy
consumption for all the UE is calculated as

Evgge = NuDrytsc(K + pigs Csc)- (28)

Notice that Spmg, = Smyc- Then, the energy



4 User Threshold to Reduce Energy Consumption

This section provides an analytical model to calculate the number of users per cell to switch from unicast to
broadcast (MBSFN or SC-PTM) to reduce BS and UE energy consumption.

4.1 Unicast to MBSFN
4.1.1 Base Stations Side

The comparison of BS energy consumption between unicast and MBSFN is as follows
PpsDrxtucNy > Npsgpn PesDTxtsEN- (29)

The user threshold, in number of user per cell in the MBSFN area, is the value of IV, that makes an
equality divided by Npggpy, thus

tskn  T'spN

UsFNps = - ) 30
s T e T (30)
which is the same value of user threshold when aiming to optimize radio resource utilization.
4.1.2 User Equipment Side
On the other hand, considering UE power consumption the comparison is as follows
EUEUC > EUESFN (31)
By combining and 7 we get
aN,? = bN, >0, (32)
h
where Drtuck
a=——, (33)
Nasye
and
b = Drx(—tucpigs Cuc + tseN(K + p1gs CspN))- (34)

Since N,, > 0, inequation is verified if N,, > b/a. Thus, the user threshold in UE per MBSFN area cell
for which the energy consumption on the UE side is reduced when transmitting in MBSEFN mode is given by

_ NBsye |[tSFN  Pipg 1
USFNUE = NBSSFN toe e Cuc . (35)

As stated before, Npsy. = min {N,, Apsm(£Rs)?} therefore, Uspny, has two definitions depending on the
values of \iyg and A\gg because

36
NBSSFN ( )

=14
$22E% Aup < Aps

NBsye { & AUE 2 ABs

. Nps c . .. 1 1
Since WSUFN < 1, K is always positive and Cyc > oo because E[X] > DEsk

UsPNyg < Uspngs. This means that switching from unicast to MBSFN considering the user threshold in
and , helps to reduce radio resource utilization and energy consumption on the BS side and the UE side.

thus, we prove that

4.2 Unicast to SC-PTM
4.2.1 Base Stations Side

Following a similar procedure than for MBSFN, we obtain the number of users per cell from which the BS
energy consumption in SC-PTM is lower than in unicast, as follows

tsc _ Isc

_ 8¢ 37
tuc Tuc (37)

USCBS =

which is the same user threshold to reduce radio resource utilization.



Table 1: System parameters

| | Parameter | Value | |
Simulation area radius (R) 10km
System Bandwidth (W) 10 MHz
Carrier Frequency (f.) 700 MHz
BS Transmission Power (Pix) 43 dBm
Noise Power (N) —95 dBm
Path Loss Exponent («) 3.76
Path Loss Factor (k) 1.3804 x 10712
Target coverage probability 95%
BS power consumption (Pgg) 225 W
UE RX power consumption (Ugry) —40 dBm
Peon 1.53W
Pr 0.42W
Pore ~60.7 x 103
Plrr 111 x 1073
Poun 266 x 107
Pl 2.80 x 102

4.2.2 User Equipment Side

Furthermore, the number of users per cell from which the UE energy consumption is lower in SC-PTM than in
unicast is calculated as

_ lsc  Pigs 1
USCUE = oo K Cuc oo . (38)

This proves that Uscy, < Uscys. However, the difference between Ugcyy and Uscyy is negligible because
Pigg is of the order of 1073.

5 Results and Discussion

‘ N Esye /EBSSFN ‘

EBSUC/EBSSFN =1
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20

10 15

5 5 10
Aps[BS/km?] ° 0 Ay p|UE/km?]

Figure 2: Ratio between the Base Station Energy Consumption in unicast and MBSFN modes for different Agg
and \yg values, considering R; = 2.5 km and £ = 0.7071.

Figure presents the ratio between the BS energy consumption in unicast mode (Eps,) and MBSFN mode



(Epsepy ). We consider an MBSFN area of 19.6 km? (Rg = 2.5 km) and a service area of 9.8 km? (¢ = 0.7071).
With MBSFN transmission the BSs consume less energy than in unicast mode when the user density is higher
than 3.8 UE/km? for A\gs = 12 BS/km?. For lower BS densities, until 1.2 BS/km?, the value of A\yg that

E .
makes % = 1 decreases. However, if Apg < 1.2 BS/km? more users are necessary for MBSFN to be more
SFN

efficient. In this scenario, Ags = 1.2 BS/km? minimizes the BS energy consumption in MBSFN mode for all
UE densities. Additionally, observe that the BS energy ratio increases with the user density, e.g., with A\gg = 4
BS/km? and Ayg = 10 UE/km? the BSs consume 5 times more energy in unicast mode than in MBSFN mode.

- ’_ ‘ - Ey Epe / Ey Egrn L

10

2 0
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Figure 3: Ratio between the User Equipment Energy Consumption in unicast and MBSFN modes for different
Aps and Ay g values, considering Ry = 2.5 km and £ = 0.7071.

The ratio between UE energy consumption in unicast mode (Eyg,.) and MBSFN mode (Eugggy) i pre-
sented in Fig. Only when Ags < 0.8 BS/km? and Ayg < 3.4 UE/km? the UE energy consumption is lower in
unicast than in MBSEFN. Apart from that, we see that in most cases the UEs energy consumption is lower when
receiving in MBSFN than in unicast. This is because the UEs perceive a higher SINR in MBSFN mode due to
a reduced interference and therefore, they receive at a higher bitrate and transmission is faster. In Fig. [3| we
appreciate one surface when Ayg > Ags and other when Ayg < Agg, this is due to the definition of Npgy. If
in average there is one or less users per BS, the UE energy consumption in unicast is constant for a given Agg,
however if there is more than one user per BS, the UE energy consumption increases due to the resource sharing
in unicast. Similarly with the BS energy consumption, Agg = 1.2 BS/km? minimizes UE energy consumption in
MBSFN mode for all UE densities and the UE energy consumption ratio increases with Ayg when Ayg > Ags.
As an example, if A\gs = 4 BS/km? and Ayg = 10 UE/km? the UEs consume 10 times more energy in unicast
mode than in MBSFN mode.

Figure[d] presents the ratio between the BS energy consumption in unicast mode (Egs,,) and SC-PTM mode
(EBsse)- First notice that the axis for Agg and Ayg are inverted with respect to Fig. [2]and Fig. [3 We see that
in most cases BSs consume more energy in SC-PTM mode than in unicast mode. However, the BSs consume
less energy when transmitting in SC-PTM mode when Agg is low. This is because in unicast the BS energy
consumption does not depend on the BS density, the more BS the lower the number of user in each BS and
therefore, the transmission is faster. However, in SC-PTM mode, BSs energy consumption increases linearly
with the BS density. On the other hand, the BS energy consumption in unicast increases with A\yg while Epgg,
does not depend on the UE density. This is why the energy ratio increases with Ayg. If we consider Agg = 2
BS/km?, SC-PTM helps to reduce BS energy consumption only if Ayg > 17.6 UE/km?.

The user thresholds to switch from unicast to MBSEFN or SC-PTM in order to reduce energy consumption
in the BSs or UEs are presented in Fig. We consider Agg = 4 BS/km? and MBSFN areas ranging from 3.1
km? (Rs = 1 km) up to 19.6 km? (Rs = 2.5 km). The service areas have half the size (£ = 0.7071) and 80% the
size (€ = 0.9) of the MBSFN area. First, notice that Usc,s and Usc,,, are equal to 8.7 UE/cell. These values
do not depend on Ayg or Ags. On the other hand, the user thresholds for MBSEFN decrease with the MBSFN
area size. The bigger the MBSFN area, the higher the SINR and therefore the lower the energy consumption in
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Figure 4: Ratio between the Base Station Consumption in unicast and SC-PTM modes for different Apg and
AvuE values.
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Figure 5: User Threshold to switch from unicast to MBSFN or SC-PTM in order to reduce Energy Consumption
on the Base Stations or User Equipments for different service area and MBSFN area configurations and user
densities.

MBSFN. We see as well that the size of the Service area has an important impact on the user threshold, e.g.,
if Rs =1 km, Uspng increases from 1.27 UE/cell to 8.5 UE/cell when increasing £ from 0.7071 to 0.9. This is
due to the higher interference perceived by the users at the border of the service area. Now, when Ayg > Aps,
the difference between Ugpn,g and Uspnyy is lower than 2 UE/cell in all cases. However, if Aug > Ags, UsrNyg
can be significantly lower than Uspngs. For example, if Ry = 1 km, Uspny, = 3.44 UE/cell while Ugpngs = 8.5
UE/cell.



6 CONCLUSION

This paper presents an analytical model to calculate the energy consumption in the Base Stations and User
Equipment when transmitting using unicast, SC-PTM and MBSFN mode. Furthermore, we developed ex-
pressions to calculate the number of users per cell from which SC-PTM or MBSFN reduce BS or UE energy
consumption with respect to unicast.

We proved that the user threshold to reduce BS energy consumption are the same as the user threshold to
reduce radio resource utilization, in both SC-PTM and MBSFN mode. We also proved that the user threshold to
reduce UE energy consumption is lower than the user threshold to reduce BS energy consumption, in particular
for MBSFN. The results show that MBSFN is a better solution than SC-PTM to reduce energy consumption in
most cases. As future work we intend to explore machine learning techniques and data from real cellular network
deployments to determine the scenarios in which broadcast transmission mode can reduce energy consumption.
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