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Abstract - The importance of energy efficiency (EE) in
wireless networks is growing growth. Hence the interest in
giving consideration to this metric whose long-term trend
follows Cooper's law, where traffic is growing every year,
and it is certain that continues for years to come. This is
linked to data transmission and energy consumption in
power amplifiers with an amplification coefficient,
baseband material and processing. The relation is made up
of the notion of energy efficiency, measured in bit/Joule,
which defines the ratio of the amount of energy consumed
by information bit received. It must be indicated that the
data rate is limited by the capacity of the channel, thus the
energy efficiency of a communication system wireless can be
defined in several forms depending on the goal you want to
achieve. Current survey documents generally present values
in the order of 10Mbit/Joule, yet previous generations of
wireless networks have operated well with energy
efficiencies in the order of 10kbit/Joule. Can the same work
for future power management systems (5G and beyond)
become, or are we, far from the physical limits? These issues
are addressed in this paper, by studying the limiting value of
energy efficiency when the bandwidth becomes large. We
look at a different case representing a potential future
system deployment and system related characteristics.

Key Words: Energy efficiency(e), spectral efficiency(s),
optimization, Interference, MIMO.

1.INTRODUCTION

We are witnessing in recent years new performances of
wireless technology and the certification is led by the
International the Telecommunications Union (ITU), which
provides minimum performance recommendations. For
example, 4G was manufactured to meet IMT-Advanced
requirements [1] on spectral efficiency, bandwidth, energy
efficiency and mobility. As well the new standard of 5G [2]
must meet the minimum needs to be an IMT-2020 radio
interface [3]. The table below shows the different
frequencies used today and the corresponding standard.
The 2G band focuses on the 900 and 1800 MHz
bandwidths. Some operators also operate 4G on 1800
MHz. The 3G is used on the 900 and 2100 MHz bandwidth.
4G works on the 800, 1800 and 2600 bandwidths

MHz and more recently on the 700 band. The arrival of 5G
in a few years will be based on

the 700 and 3500 MHz bandwidth initially [17]. What will
be the impact of the evolution of the bandwidth on energy
efficiency, spectral and other in the future?

Bandwidth | [frequence min, frequence max]| Standard
700 MHz | [694 - 790] MHz 4G/5G
800 MHz | [791 - 862] MHz 4G

900 MHz | [880 -960] MHz 2G/3G
1800 MHz | [1710 - 1880] MHz 2G/4G
2100 MHz | [1920 - 2170] MHz 3G

2600 MHz | [2500 - 2690] MHz 4G

3500 MHz | [3500 - 3700] MHz 5G

Energy efficiency is a necessity for the future (5G, etc.)
because it is not taken into account by 2G, 3G and 4G. The
more we have more stringent requirements in four
generations, a new metric has been associated in [3]:
energy efficiency (EE). A fundamental definition of EE is

(4], [5]

pata rate(P/s)

EE(b/D)= (1)

Energy Consumption(]/s)

Energy efficiency (1) is measured in bit/joule, this metric is
thus measured as a function of the amount of data
corrected by Joule energy consumed This metric showed
the benefit-cost ratio and the amount of energy
consumption. contains transmit power and dissipation in
the transceiver hardware and baseband processing [5], [6].
One of the common concerns is that higher data rates can
only be achieved when there is more consumption energy;
if the EE remains constant, then we will have 100 times
more data rate more important in 5G is pegged to 100
times higher energy consumption. We are faced with a
fundamental and environmental question due to the fact
that wireless networks are mostly not supplied from
renewable green sources. It recommendable to exaggerate
to increase the EE in 5G, but IMT 2020 does not set
measurable goals for her, but assumes that more spectral
efficiency will be necessary. We have two main ways to
improve spectral efficiency: on the one hand we consider
the smaller cells [6], [7] and on the other hand massive
multiple inputs and multiple outputs (MIMO) [8], [9]. In
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this work we fix the transmitted power, but many other
important variables such as bandwidth, channel gain are
optimized to obtain maximum EE. We have other
compromises to consider, including the fact that the
transceiver hardware improves more efficiently with time
[6]; [11], which results in energy consumption of a chosen
network the topology decreases as it is measured.
However the capacity of Shannon [12] describes the
maximum spectral efficiency on a channel and shows that
speed of light limit the latency, the upper limit associated
on the EE not known. A study conducted on the baseline 4G
EE stations is described in [13]. This proves that a macro
site giving 28 Mbps has a power consumption of 1.35kW,
which provides an EE of 20kbit/joule. Recent research
gives EE figures in the order of 10Mbit/Joule[5]; [14]; [15]
taking into account future 5G deployment scenarios and
using approximations of power consumption of
transceivers. The main objective of this article is to study
the physical limits of EE in special cases and, in addition,
give values on the suitable maximum EE.

2. EXPRESSION OF THE LIMIT ON ENERGY
EFFICIENCY

In this part, we derive an important limit on the EE. We
consider that the channels are deterministic and a
consequence linked to this hypothesis is that the suitable
state of the canal information (CSI) is accessible to all (this
means that it can be evaluated with a given and with a
negligible additional cost). Also note that the capacity of a
fading channel to be considered can be limited by a
deterministic channel having the channel feasibility from
the fading distribution that optimizes mutual information.
We study two major cases: systems with a single antenna
and multiple antenna systems. In each of the two cases
presented, we consider that the communication is
evaluated on a bandwidth of B Hz, the total the transmit
power is denoted by P W, and NoW/Hz identifies the noise
power spectral density[6]. In our work we assume B as one
of the design variables and P will be taken as a constant.

2.1 The limit value for energy efficiency (EE) with only
one antenna.

We are working in this particular case with only one
antenna in the system. We consider that the channel is
defined by a scalar coefficient h € C. The received signal y
€ C is expressed by:

y=hx+n (2)

we have x € C, which is the transmit signal with power P
and n ~N; (0, BN, ) is AWGN. The CSI being perfectly
available, the capacity of the channel is defined by: [12]
- PRZ PB

C=Blogp(1+ NoB ) =Blog2(1 + NOB) (3)

where f = h? defines the gain of the channel. The
capacity is identified by x ~N. (0, P ). The operational and
fundamental meaning of energy efficiency can be defined

by taking into account an additive Gaussian white noise
(AWGN) channel. In this case, the capacity of the channel
will be considered as a measure. system benefit, energy
efficiency can be defined as:

PB
B log2(1 + m)

(4)

UP+Pc
Where u = % with A which represents the efficiency of

the transmission power amplifier, while P. represents the
power dissipated in all the other circuits of the transmitter
and receiver to operate the terminals. Therefore, the EE is
maximized by considering the bandwidth B— oco. The limit
is calculated by taking a Taylor expansion of the logarithm

P
around PE _ 0:
NoB
Pp y

PB
Bloga(1+ 5 5 )_ Blogy(e) PR ¥ (—1)" NoB )
- n=2 n

UP+P¢ UP+P; “NoB

_, PBlogz(e)

as B— oo
No(uP+Pc)

(5)

To optimize the EE that can be achieved by in this case we
take the typical noise power spectral density No =
125dBm/Hz with an ambient temperature and carry out a
practice  channel gain for values 60 dB, 100 dB and
120dB. To always measure the EE which can be carried
out by in this case, we take the circuit power P. = 0.1 and u
= 1014 These results are compared with the results
obtained in the work of Emil Bjrnson and Erik G.
Larsson[19]. In these works the maximum EE is a function
of f while our results obtained show that the maximum EE
is a function of the transmitted power P, §, u and P.. These
results are the EE limits in single antenna systems with
channel gains and are far from what is obtained by the
present systems.
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Fig.1 The maximum EE in a single antenna system is a

function of transmitted power P in the canal for different
values of 3.
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Here we note the more the propagation loss decreases, the
more the curve of the maximum EE evolves, which is
normal in reality.

2.2 Wireless communication systems has a single
antenna with interference

Interference is not necessarily independent of input x and
channel h. The exact capacity of the interference channels
is largely unknown, however, practical lower limits can be
achieved

Maise + interference

n+v
Channel
respaonse

Inpit | 1 output

X NI A

Fig. 2 A discrete memory less interference channel with
input x and outputy = hx + v + n, where h is the channel
response, n is independent Gaussian

noise, and v is the interference, which is uncorrelated with
the input and the channel.

So we define the following expression:

Received signal power
—~
SINR P (6)
h Pv + o?
(S —
Interference power

Noise power

which can be analyzed as the signal-to-interference-
plus-noise ratio (SINR), where 02 = BNy. Formally, it is only
an SINR when we have h and pv are deterministic; the
expression is otherwise random. We begin by considering a
single-antenna system. The channel is represented by a
scalar coefficient h€ C. The received signal y €C is given by

y=hx +v+n (7)

where x @C is the transmit signal with power and
nBN.(0, BNo) is AWGN. Since perfect CSI is available, and v
BC is random interference[12] We will now add EE as
goal. Therefore, the transmit power P is

used by each transmitter and we take v > 0 denote the
sum of the channel gains of all transmitters with noise,
leading to a total received interference power of P v. We
are considering interferencelike

Blog,(1 + ﬁ) (8)

UP+Pc

which is still an increasing function of B. Hence, an upper
bound on the EE is achieved by letting B — oo, which leads
to

Pplogy(e)
——— 9
No(uP+Pc) ()

The expression obtained is independent of v, and
therefore, merges with the limit in (5) to systems without
interference. This proves that it was optimal to consider
interference as noise in this Context. We understood the
interference, but the EE is optimized, i.e. maximized in the
low SINR regime B — oo where the system is considered in
noise and not in interference.

2.3 Multiple antenna systems in wireless networks.

Let us assume that the transmitter is composed of
antennas M and the receiver is made up of N antennas,
which makes a MIMO system. Then the deterministic
channel is realized by the channel matrix H € CN*M If we
asked that there is nointerference, then the received signal
y € (Vis as follows:

y=Hx+n (10)

where x € C™ represent the transmit signal and
n~N.(0, BNoly) is AWGN. Also the channel capacity of this
MIMO system is given by [17]

- 1 H
C =Blog2|ly s HPH" | (11)

We receive that the optimization variable is not defined as
a scalar power but a P matrix with N dimensions and is
achieved by xBN(0, P) where we have the positive semi-
definite the correlation matrix P is chosen in relation to
the water filling algorithm. Consequently, this can be
realized for multiple input multiple output (MIMO) system
with P representing the transmission covariance matrix.
Thus taking into account the capacity as a function of
efficiency, we received the level by o?the noise power of
the receiver, and by H the MIMO channel matrix, the
definition of energy efficiency is as follows:

1
EE= BlOg2|1N +m HPHHl
[.ttT(P)+PC

(12)

With tr(P) < P, also an upper bound on the capacitance
is realized when all the singular values of H are equal to
the maximum singular value o,,,,(H) of the matrix. We
then have

i P
=3V B logy (1 +—— ohax(H)) (13)

C = min(M, N) B logp (1 + M;NO anaX(H))

When the transmission power and the power of the
circuits are the only factors involved in energy
consumption, an upper bound on the EE in (1) is obtained
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. P
min(M,N) B logz(l +3ENG clgnax(H))

<
utr(P)+P¢ - (14)
min(M,N) Plogy(e)oZax(H)
M HPmaxNo

where we have the upper limit when B — oo like in the
min(M,N)

situation with an antenna. The term

is bounded by one and this bound is reached when the
receiver has at least as many antennas as the transmitter.
One concern is how 62,,,(H) depends on M and N. Since
we have assumed that all non-zero the singular values of H
are equal, then we have

2
IIHII&
min(M,N)

anax(H) = (15)
Where ||. ||¢ is the Frobenius norm. We consider that all

the elements of H has a constant magnitude Vg > 0; then

5 _ BMN ,
OHhax(H) = TR B max(M,N) whichtends to

infinity if the number of transmitting and / or receiving
antennas increased. This a channel model is mentioned a
lot in the Massive MIMO literature [5], [8]-[10], when
highlighted to show that the signal strength increased as a
function of the number of antennas. Also the upper limit
on singular values is defined by:

ohax(fD <1 (16)

In reality, we will have 02,,,(H) < 1, but we can set

02 ,<x(H) = 1 in order to get the limit EE. So, the EE of a
system with several antennas is increased, that is to say
we have:

EE < Plogy(e)
~ WNoPmax

(17)

which is similar to the EE limit for single-antenna systems
in (5), but the key difference is that the channel gain has
now been replaced with its upper bound: 0dB, circuit
power P; is not.

3. ENERGY EFFICIENCY INCLUDING CIRCUIT
POWER IN WIRELESS COMMUNICATION SYSTEMS

In the previous paragraph we have shown several ways to
reach high EE. Thus the maximum is reached when
B — oo. From an EE perspective, the analysis shows that it
has no interest if B — oo, but concerns the data rate in (2)
there is a difference :

N Pp IIOVgZ(e);B - o (18)
0

- PE
C =B log? (1 +BN0
For a communication system worthless capacity is
obviously without important, even if it is beneficial in
energy from a purely mathematical point of view
perspective.

3.1 Constant Circuit Power and transmit power.

During communication over long distances it is usual to
have puP + P; . uP, but in future small cells it is possible
that uP > P; [6]; [15]. In the mono-antenna unit without
interference, the EE in (4) can be upper bounded as
Blogy(1 +%) Blogz(e)% logy(e) B
UP+Pc = UNo

UP+P¢ (19)
Here we assume that B has a significantly higher value
speed of convergence such that B — o Another
interesting fact is the limit found in (5) is different from
that obtained in (19), because the power of the circuits is
not taken into account.

3.2 Modifying the power of the circuit

In this part we are interested in a special metric of energy

efficiency. This means that we take P =vB +
nB log2 (1 + 2B ) This modification is difficult to
NoB

demonstrable when one considers the variables at infinity.
The sampling rate is proportional to the bandwidth B and
the power consumption of the analog-to-digital and
digital-to-analog converters is proportional to the
sampling rate, and so is the baseband processing of these
samples. Thus the energy consumption of the
encoding/decoding of the data is proportional to the data
rate. An EE expression associated with these properties is
given by

PB)

Blogy(1 + NoB

EE = — (20)

uP+vB+nB 10g2(1 + N_QB)

where v >0 and
constants.

n > 0 are hardware-characterizing

Definition [16]

The Lambert W function is denoted by W (x) and defined
by the equation x = W (x)exp"¥ ™ for any x € C.

Lemma [16]
Consider the optimization problem :

g logo(a+ bz)
>p c+dz+h logp(a + bz)

maximize, (21)
with constant coefficients a € R,c.h = 0; and b;d; g > 0.
The unique solution to is :

M),

b

*

7Z =

(22)

Theorem 1: The EE in (20) is maximized for any values of
P and B such that
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P exp(x) — 1
p-No—Fp — (23)
_ Bv _1

Where  x=W (W H+1 (24

And W (:) denotes the Lambert W function [10].
Proof

With z = P/B can be expressed as:

log2(1 + Nﬁoz)
B

v + uz +nlogz2(1 + N Z )
0

EE =

(25)

and can be optimized using (Lemma). This theorem shows

that the maximum EE is reached when B is of non-zero
finite value, in the practical case of v > 0,7 > 0; and u > 0.
We observe that the optimal ratio obtained depends on
the propagation conditions (via 8/N,) and the transceiver
hardware (via v). In particular, there is no dependency
that shows that the the power consumption of
encoding/decoding does not affect the optimal values of B,
but especially the maximum value of the EE. Hence, it is
the term vB in (20) that fundamentally changes the
behavior as compared to the previous subsections. By
inserting (23) into (20), the maximum EE is obtained as

x logy(e)
1 26
#No%hﬁﬂx logz(e) )

EE =

Thus this EE is realized by all the values of B and P having
the ratio in (18), we can choose B in order to achieve any
desired data rate:

C =xlogo(e) (27)

The associated maximization value EE of P is
determined of the theorem 1. Otherwise, there is
no compromise between EE

and rate unless P and B are controlled by external
factors. These results are illustrated in Fig. 3 for
B = —60dB; N, = 125dBm/Hz; v = 1071°]; and; n =
10~17J=bit; u=2: The last two values are chosen in
the future based on the fundamental bound on the
computing power [6]: note that the Landauer limit
is equal to 10718 of logical operations per Joule.
Also, v corresponds to 10, 000 logical operations
per sample while 1 to 1000 logical operations

per bit. Fig. 3 and Fig.4 describe how the EE
reaches its maximum value for certain
combinations of B and P. All these points give the
maximum EE of 3Tbit/Joule. Also in the considered
parameter ranges, the EE maximization rate
ranges from 0.3Gbit/s to 3Tbit/s. The ratio EE-
maximizing P/B, given by the theorem 1, provides

a Optimal SNR of ;;b;=—3dB and a spectral
(o]

efficiency of 0.3bit/s/Hz. A comparative study

carried out in the work of Emil Bjrnson and Erik

G[19]. Larsson shows that the maximum EE that

we found is also well improved with the amplifier

coefficient.

-
=
tn

Jloule]

Energy efliciency  Ghit

109 =
10

40

10

Transmit power () [dBm]
Bandwidth (5] [GHz

Fig. 3 The EE vary with the bandwidth and
transmit power. The maximum EE is carried out
when the condition in (23) is observed and we can
in this case vary the bandwidth and the
transmitted power (along the thick line) to satisfy
the necessary data rate.

Data rate Ghbit/s

109 =
10*

40

20

10

Transmit power () [dBm)]
Bandwidth (5] [GHz

Fig. 4 The data rate vary with the bandwidth and
transmit power. The maximum EE is carried out
when the condition in (23) is observed and we can
in this case vary the bandwidth and the
transmitted power (along the thickline) to satisfy
the necessary data rate.
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3.3 Multiple-antenna in wireless

communication Systems

To make the job more interesting we extend the analysis
to cover MIMO systems. In addition, we consider that the
transmitter and the receiver are equipped with N
antennas. Then an upper limit achievable on the the
capacity is obtained

in (13) and the corresponding EE is

P
N B logz (1 + W]VO G%naX(H)>
EE =

b (28)
uP + vB + N B log2 (1 + VBN, GrznaX(H))

in this case the first term of the denominator represents
the total transmitted power, the second term is the energy
consumption of the treatment N signals parallel to the
transmitter and receiver, and the the third term is the
encoding /decoding energy consumption. Corollary 1: The
EE in (28) is maximized for all values of P and B such that

P expE-1

- =N,

. o Ohax(H)v 1
i w1thx—W(7—;)+1 (29)

No ue

Proof

we take 1\%’ the EE has the same form as in (25) and can be
optimized as in Theorem 1. As a result maximum EE is
reached. Also by adding more antennas we can increase
this channel gain 62 ,,(H) around 1. With the same
values v and 1 as in the previous subsection, the ultimate
EE is 0.6Pbit/Joule.

4. CONCLUSIONS

In this article, we looked at optimizing EE by varying the
bandwidth. It strongly depends on which the parameter
values can be selected in reality and also modeling of
energy consumption. If it is modeled as a function the
most essential material characteristics, optimal EE is
reached for a particular value of the bandwidth B and
considering the transmitted power as a constant, which
particularly corresponds to a low SNR. As well the data
rate can reach the maximum value by simultaneously
increasing B and P while keep the optimal ratio. The
higher physical value on the EE is around 1P bit/Joule. For
the number of antennas and the value of a few Tbit/Joule
in future systems.
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