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Brante and Bernardo Leite for believing in my potential and especially for leading me on this

postgraduate path. Thank you for all your help, for sharing your knowledge and for your

availability whenever I needed it.

My heartfelt acknowledgment to my friend Carlos Gouvea from the days of bachelor’s,

master’s and doctorate degrees, for having embarked and sailed with me in these seas.

For the contributions, I thank my fellow researchers and professors at GICS.

My thanks to SENAI, UFPR and UTFPR, reference institutions in our country.

Finally, I would like to thank CAPES and CNPq for their financial support.



RESUMO

Alta eficiência energética (EE) é crucial para aplicações da Internet das Coisas que operam

remotamente, uma vez que os nós sem fio são tipicamente alimentados por bateria. Diferentes

técnicas de diversidade espacial tais com o uso de múltiplas antenas (MIMO) nos nós do trans-

missor e receptor, bem como o uso de comunicação cooperativa podem ser exploradas para

melhorar a EE. Além disso, o uso de transceptores de rádio frequência (RF) reconfiguráveis são

considerados uma solução interessante para sistemas com restrição de energia, pois permitem

alterar o seu ponto de funcionamento, bem como o seu consumo de potência, adaptando-se aos

diferentes requisitos de comunicação. Nessa tese, uma nova abordagem para economizar ener-

gia inclui no modelo do sistema de comunicação o uso de transceptores de RF reconfiguráveis.

Mais especificamente, os componentes envolvidos em nossa estrutura de otimização de con-

sumo de potência são o amplificador de potência (PA) no transmissor e o amplificador de

baixo ruı́do (LNA) no receptor. Nosso objetivo é mostrar que os circuitos de RF baseados em

operações multı́modo podem melhorar significativamente a EE. Assim, realizamos uma seleção

conjunta dos melhores modos de operação para os circuitos do PA e do LNA para diferentes

esquemas de transmissão em dois cenários de rede: i) comunicação não-cooperativa em que os

nós são equipados com múltiplas antenas, para a qual consideramos a seleção de antenas (AS)

e a decomposição por valores singulares (SVD); e ii) comunicação cooperativa em que os nós

são equipados com uma única antena, para a qual consideramos decodificação incremental e

encaminha (IDF) por relé. Em nosso primeiro cenário proposto, comparamos os circuitos re-

configuráveis do PA e do LNA com amplificadores de RF não-reconfiguráveis do estado-da-arte

disponı́veis na literatura. Nesta comparação, ao explorar as caracterı́sticas dos amplificadores

reconfiguráveis de RF, mostramos uma melhora de EE de mais de 40% em distâncias curtas

para as comunicações MIMO. Ao comparar os esquemas MIMO, a técnica AS apresenta mel-

hor desempenho para distâncias mais curtas, enquanto que o SVD permite transmissões mais

longas, pois explora todas as antenas disponı́veis. Além disso, a otimização da eficiência es-

pectral contribui para aumentar ainda mais a EE. Por fim, investigamos o efeito do número de

antenas, em que a EE do AS sempre aumenta com o número de antenas, enquanto que o SVD

apresenta um número ótimo de antenas. Para o segundo cenário, propomos uma análise de EE

para o esquema IDF, auxiliada por um canal de retorno para realizar a seleção de relés. Além

disso, comparamos o desempenho do IDF com os esquemas MIMO não-cooperativos. Os re-

sultados mostram que uma melhor EE é obtida por meio de técnicas de seleção de antenas,

principalmente quando aplicadas tanto no transmissor quanto no receptor. Também analisamos

o impacto do relé na cooperação, uma vez que o nó do relé opera apenas se necessário, a maior

parte da carga de reconfigurabilidade é do relé, enquanto os modos de operação do PA e do

LNA tendem a ser razoavelmente fixados nos nós de origem e destino. Por fim, os resultados

mostram que o número de relés contribui para alcançar transmissões de longa distância.

Palavras-chave: Eficiência Energética, Transceptores de RF Reconfiguráveis, Diversidade Es-

pacial, Múltiplas Antenas, Comunicações Cooperativas.



ABSTRACT

High energy efficiency (EE) is crucial for Internet of Things applications that operate re-

motely, since wireless nodes are typically battery-powered. Different spatial diversity tech-

niques such as the use of multiple antennas (MIMO) at the transmitter and receiver nodes, as

well as the use of cooperative communication can be exploited to improve the EE. In addition,

the use of radio frequency (RF) transceivers are considered an interesting solution for power-

restricted systems, as they allow changing their operating point, as well as their power consump-

tion, adapting to different communication requirements. In this thesis, a novel energy-saving ap-

proach includes in the communication system model the use of reconfigurable RF transceivers.

More specifically, the components involved in our power consumption optimization framework

are the power amplifier (PA) at the transmitter and the low noise amplifier (LNA) at the re-

ceiver. Our goal is to show that RF circuits based on multimode operation can significantly

improve the EE. Thus, we perform a joint selection of the best operating modes for the PA and

LNA circuits for different transmission schemes in two network scenarios: i) non-cooperative

communication where the nodes are equipped with multiple antennas, for which we consider

antenna selection (AS) and singular value decomposition (SVD) beamforming; and ii) cooper-

ative communication where the nodes are equipped with single antenna, for which we consider

incremental decode and forward (IDF) relaying. In our first proposed scenario, we compare

the reconfigurable PA and LNA circuits with state-of-the-art non-reconfigurable RF amplifiers

available in the literature. In this comparison, by exploiting the characteristics of reconfig-

urable RF amplifiers, we show an EE improvement of more than 40% at short distances for

MIMO communications. When comparing MIMO schemes, the AS technique performs better

for shorter distances, while the SVD allows for longer transmissions, as it exploits all avail-

able antennas. In addition, the optimization of the spectral efficiency contributes to further

increase the EE. Finally, we investigate the effect of the number of antennas, in which the EE

of AS always increases with the number of antennas, while SVD presents an optimal number

of antennas. For the second scenario, we propose an EE analysis for the IDF scheme, aided

by a feedback channel to perform relay selection. In addition, we compare the performance of

the IDF with non-cooperative MIMO schemes. The results show that a better EE is obtained

through antenna selection techniques, especially when applied at both transmitter and receiver.

We also analyze the impact of the relay on cooperation, as the relay node operates only if

necessary, most of the reconfigurability charge ends up at the relay, whereas the PA and LNA

operating modes tend to be reasonably fixed at the source and destination nodes. Finally, results

show that the number of relays contributes to achieving long distance transmissions.

Keywords: Energy Efficiency, Reconfigurable RF Transceivers, Spatial Diversity, Multiple An-

tennas, Cooperative Communications.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Due to the huge market potential, the Internet of Things (IoT) remains one of the hottest

topics of discussion today (BEHRTCH, 2021). According to (IoT-ANALYTICS, 2020), for the

first time, in 2020 there were more IoT connections (11.7 billion) than non-IoT connections (9.9

billion). Besides that, more than 30 billion devices connected to the Internet are expected by

2025. So to sum up, IoT will continue to be the driving force in the field of telecommunications,

enabling the transformation of industry and society.

Many fifth-generation (5G) services are based on broadband communications and, progres-

sively, the main IoT use cases are being addressed. However, it is noted that due to the diversity

of the IoT application requirements, in addition to 5G, long term evolution for machines (LTE-

M) and narrowband-IoT (NB-IoT), two inherited third-generation partnership project (3GPP)

technologies based on fourth-generation (4G) LTE, will continue to play a role in addressing

the wide range of requirements (OSSEIRAN et al., 2020). The NB-IoT belongs to the category

of low-power wide-area networks (LPWAN) and has been standardized in order to support mas-

sive machine-type communication (mMTC), for which the market is in full growth. According

to (CISCO, 2020), the share of machine-to-machine (M2M) connections will grow from 33% in

2018 to 50% by 2023 and there will be 14.7 billion M2M connections by 2023. This fast growth

implies the challenge of satisfying the quality of service (QoS) requirements for mMTC in 5G

and beyond (LU; ZHENG, 2020). Moreover, the main specifications of IoT use cases become

low-cost, low-size, low-complexity and low-power devices (i-SCOOP, 2019).

Massive IoT networks must require connected devices that use embedded electronics such

as microprocessors, sensors and actuators in order to collect, share and act on data they acquire
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from their local environments. Moreover, in wireless communications, each device is equipped

with a set of radio frequency (RF) transceivers and antennas, typically powered by batteries

or even by solar cells that can seldom or never be recharged, so one of the most noteworthy

concerns of these massive networks is the efficient use of limited power sources. Therefore,

in such systems where energy is at a premium, minimizing power consumption improves the

energy efficiency (EE). With that in mind, the seek for energy-efficient solutions becomes the

main motivation of this research work.

1.2 Background

As a medium for communication, the wireless channel imposes difficulties in propagating

the signal, which implies in a random variation of the received signal. Due to the fading of the

wireless channel, it is common to use devices that consume large amounts of power for reliable

communication. One of the most promising techniques to mitigate the effects of fading is the

so-called spatial diversity (GOLDSMITH, 2005), in which the information messages can be

transmitted via independently fading paths, decreasing the probability of simultaneous fading.

As illustrated in Fig. 1.1(a), the diversity order can be exploited through multiple antennas

(MIMO) at the source and destination nodes, which improves the link reliability, so that less

transmission power can be required during communication (GOLDSMITH, 2005). It is worth

noting that great advances in the design of antenna arrangements have been reached in recent

years (MAXIM INTEGRATED, 2011; TEXAS INSTRUMENTS, 2017), making the use of

MIMO on small nodes possible. On the other hand, multiple antennas also implies in multiple

RF chains, consuming more power at the circuit level. Alternatively, as illustrated in Fig. 1.1(b),

cooperative communications based on the relay channel (MEULEN, 1971; COVER; GAMAL,

1979) can also achieve diversity order, in which spatially distributed nodes cooperate to improve

link quality, thereby requiring less transmission power from wireless nodes (SENDONARIS;

ERKIP; AAZHANG, 2003; LANEMAN; TSE; WORNELL, 2004). However, more nodes

entails the same drawback as MIMO, that is, more power consumption due to the number of

nodes involved in the communication process.
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Figure 1.1: (a) MIMO communication and (b) cooperative communication.

In particular, when the nodes are far apart, the consumption is dominated by the trans-

mission power. However, when the nodes are closer to each other, the circuitry consumption

becomes relevant (CUI; GOLDSMITH; BAHAI, 2004). Therefore, both the transmission power

and the power consumed by the circuits must be taken into account. What is mostly observed,

is that RF transceivers are usually designed with a fixed operating point, considering the worst-

case scenario in compliance with a communication standard. However, the high performance

of the hardware is not always required during system operation, so that electronic circuits are

often over-specified. Thereby, in situations where the communication link is better than the

worst-case assumption, circuits end up consuming more power than necessary, compromising

the system’s energy efficiency. For this reason, if RF transceivers can change the operating

point of their circuits, i.e., reduce the performance without impairing the quality target for the

communication system, then energy savings can be achieved (SANTOS; LEITE; MARIANO,

2015; SOUZA; MARIANO; TARIS, 2017).

1.3 Research Goal

This work proposes the EE analysis in wireless communication systems with spatial diver-

sity and reconfigurable RF transceivers. We combine the design of energy-efficient multimode

PA and LNA circuits with the spatial diversity gains through MIMO and cooperative communi-

cations. Thus, our goal is to show that this approach may be a key solution towards improving

the EE.
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1.3.1 Delimitation

In this work, we address only one reconfigurable circuit at the transmitter and one at the

receiver, since an RF transceiver has several building blocks and integrating all of them into the

system model would increase the complexity. Based on our prior knowledge of reconfigurable

circuits, we consider the power amplifier (PA) at the transmitter and the low noise amplifier

(LNA) at the receiver, exploiting different operating modes that impact the power consumption.

Therefore, this thesis is limited to the circuits responsible for amplifying the RF signal. More-

over, we consider a single operating point with fixed power consumption for the other circuits

in the RF transceiver chain.

1.3.2 Objectives

The specific objectives of this thesis are listed as follows:

• Conduct a theoretical study on spatial diversity techniques;

• Conduct a survey of transmission schemes based on MIMO and cooperative communica-

tions;

• Conduct a theoretical study on RF transceivers;

• Conduct a survey of reconfigurable PA and LNA circuits;

• Model the communication system to integrate reconfigurable circuits;

• Develop an algorithm in order to maximize the EE;

• Perform an analysis of EE in different transmission schemes with reconfigurable circuits.

1.4 Methodology

In this work, we combine the reconfigurable capability of RF transceivers with spatial di-

versity transmission schemes. Thus, we analyze the EE in two network scenarios: i) non-
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cooperative communication where the nodes are equipped with multiple antennas and ii) coop-

erative communication with multiple relays where the nodes are equipped with single antenna.

In the first scenario, we consider antenna selection (AS), singular value decomposition (SVD)

beamforming and single antenna (SISO) for comparison purposes. In the second scenario, we

consider incremental decode and forward (IDF) relaying and non-cooperative schemes with

multiple antennas nodes for comparison purposes.

In order to maximize the EE of the communication system, we carry out a joint selection

of the best operating modes of the PA and LNA circuits, given a QoS constraint at the re-

ceiver, expressed in terms of a maximal allowed outage probability1. Notice that, in addition

to employing the reconfigurable RF amplifiers into the communication system model, we also

seek to maximize the EE for the MIMO scenario by optimizing the spectral efficiency (SE) for

MIMO schemes. Moreover, it is worth mentioning that for the second proposed scenario, we

also provide an EE analysis when the energy consumed by the feedback channel is considered.

The procedure adopted in this work to analyze EE in the two proposed network scenarios

follows a sequence of steps. First, we model the communication system to integrate the recon-

figurable RF amplifiers. Next, we formulate the closed-form expressions for outage probability

and EE for each transmission scheme. Then, we define an algorithm for each communication

scenario that combines the transmission schemes with the PA and LNA operating modes, in

addition to other parameters such as the number of antennas, the number of relays and the SE.

Finally, according to our proposed optimization problem, we present and discuss the EE results

for the different schemes under test.

1.5 Thesis Layout

The thesis is organized as follows. In Chapter 2, we present the state-of-the-art on the use

of spatial diversity techniques, focusing mainly on MIMO and cooperative communications.

1In wireless systems, there is typically a target minimum received power level, in which performance becomes

unacceptable. Outage probability is defined as the point at which the receiver power value falls below the required

threshold information rate (GOLDSMITH, 2005).
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Through this literature review, we found the use of several techniques that seek to improve the

EE of wireless communication systems. Next, we overview the literature on RF transceivers

focusing on reconfigurable PA and LNA designs, in which we present their main performance

features. In Chapter 3, we detail the reconfigurable RF amplifiers chosen to be used in this

work. In addition, we model the communication system to include the operating parameters of

the PA and LNA circuits.

In Chapter 4 we employ non-cooperative MIMO schemes, while in Chapter 5 we extend

the analysis to cooperation. In Chapter 4, we initially present the closed-form expressions for

outage probability and EE for SISO, AS and SVD schemes. Then, we introduce our optimiza-

tion problem and detail the algorithm that will be used in the simulations. After that, we present

the EE results for three test scenarios: i) with fixed SE, ii) with optimized SE and iii) some

considerations with respect to the optimization of the number of antennas. In Chapter 5, we

compare a cooperative SISO approach, employing the IDF scheme and multiple relays, with

non-cooperative MIMO schemes. Then, we model the EE by considering a transmission with

a feedback channel, which is required to perform relay selection. Next, we present the bench-

mark MIMO schemes. In addition, we develop our optimization problem and the algorithm to

employ the IDF scheme. After that, we present some numerical examples to demonstrate the

performance of the IDF in relation to the non-cooperative MIMO schemes, in addition to some

considerations about the number of relays.

Finally, Chapter 6 exposes our perspectives for future works, lists published papers and

concludes this thesis.
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CHAPTER 2

LITERATURE REVIEW

2.1 Spatial Diversity

To attenuate the impairments imposed by the wireless channel, different techniques are

usually employed to make the communication system more reliable, thus enabling the EE im-

provement. In the following, we present several works based on spatial diversity.

Our initial research targets MIMO techniques to maximize the EE, of which AS and SVD

beamforming are addressed in Chapter 4. On the one hand, MIMO communication can con-

siderably improve the signal-to-noise ratio (SNR) when compared to SISO (GOLDSMITH,

2005). Hence, the use of MIMO techniques may require less transmission power than SISO for

the same performance requirement. On the other hand, it is important to note that one antenna

in MIMO systems usually corresponds to one RF chain and, therefore, a large number of RF

chains not only consume a large amount of power, but also increase the cost.

AS is deemed a key technique (MOLISCH; WIN, 2004), since AS yields the same diversity

gains of MIMO, but with lower power consumption at the circuit level, due to the reduced num-

ber of RF chains. Therefore, different approaches have been proposed using the AS technique.

To exemplify, four AS schemes were proposed by (MARINELLO et al., 2020) to improve

the EE in extra large MIMO communication. While in (KHALILI et al., 2020), the EE was

analyzed in two AS scenarios and the authors work with resource allocation for the EE maxi-

mization. By switching the RF chain among multiple antennas, the authors in (JIN et al., 2019)

showed that the trade-off between EE and SE can be achieved with the AS scheme. Moreover,

according to (LIU; DU; SUN, 2017), the EE-SE trade-off can be achieved with respect to the

transmission power and the number of transmission antennas. In (OUYANG et al., 2020), the

EE was analyzed applying the AS scheme at the receiver, in which an optimum number of
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active antennas was found to maximize the EE. While in (ESKANDARI et al., 2018; GUS-

TAVSSON et al., 2021), the authors proposed a joint AS with power allocation optimization for

energy-efficient MIMO systems. Moreover, there are some algorithms focused on increasing

the AS performance, such as reversing petri nets (SILJAK; PSARA; PHILIPPOU, 2019), based

on machine learning (YANG et al., 2019), hybrid precoding (GE; ZHANG, 2019), monte carlo

tree search (CHEN et al., 2019) and greedy algorithms (MENDONÇA et al., 2020).

Alternatively, beamforming techniques can be used in antenna arrays to transmit or receive

directional signals, in which the link reliability can be increased to improve the EE. For exam-

ple, the joint transmit beamforming and AS technique was proposed by (ZHAO et al., 2018).

In (HANNULA et al., 2018), the feasibility of implementing a tunable antenna system with inte-

grated RF transceivers was discussed. While in (CICCIA; GIORDANENGO; VECCHI, 2019),

energy savings are shown by integrating reconfigurable antennas into ultra low-power RF plat-

forms. In (DU; SHOKRI-GHADIKOLAEI; FISCHIONE, 2020), the authors considered power

allocation and transmit beamforming scheme. Whereas the (YU et al., 2019) showed three

power allocation schemes with beamforming and AS for the EE maximization. In (KRAUSS

et al., 2019), the authors analyzed the EE and SE applying the AS and beamforming schemes.

Moreover, simultaneous wireless information and power transfer (SWIPT) technique has also

been addressed in MIMO system deployments, in order to prolong the lifetime of wireless

nodes (CLERCKX et al., 2019; WANG; ASHIKHMIN; WANG, 2020).

The literature review continues with cooperative techniques to maximize the EE, with

IDF relaying being addressed in Chapter 5. Cooperative communication is another alterna-

tive to achieve diversity gains, through sharing resources from different devices that use the

same wireless channel (MEULEN, 1971; COVER; GAMAL, 1979; SENDONARIS; ERKIP;

AAZHANG, 2003; LANEMAN; TSE; WORNELL, 2004). The performance of coopera-

tive and non-cooperative schemes was discussed by (BRANTE; KAKITANI; SOUZA, 2011;

TUAN; KIM; LEE, 2018), whose results showed that by exploiting the feedback channel in

cooperative schemes such as IDF relaying, it can be more energy-efficient than cooperative

schemes without feedback and non-cooperative schemes. Similar to MIMO, cooperative com-
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munication also has a disadvantage in relation to the power consumption of circuits, that is, it

increases according to the number of nodes. In this context, relay selection can save energy,

since a relay with the best channel condition is selected to assist in the communication pro-

cess (BLETSAS et al., 2006). Note that the selected relay transmits to the destination using

one channel, thus minimizing the number of channels without sacrificing the diversity gain.

Different relay selection techniques available in the literature have been discussed in (LIANG

et al., 2013). In addition, a study of different algorithms for relay selection was carried out

by (GHASRI et al., 2020).

The system performance analysis with joint multiple relays and antennas was also inves-

tigated. In (PERON; BRANTE; SOUZA, 2015), the authors proposed an energy-efficient dis-

tributed power allocation with multiple relays and AS. While in (KAZEMI; MOHAMMADI;

DUMAN, 2020), the relay selection was employed considering a cooperative MIMO system.

SWIPT relays were adopted in (GUO; ZHOU; ZHOU, 2020) to improve the EE. In (SALIM et

al., 2019), it was proposed optimum resource and power allocation with relay selection for en-

ergy harvesting scenarios. While in (ZOU; ZHU; JIANG, 2020), the authors also considered an

energy harvesting relay system, in which a joint power splitting and relay selection is employed

to improve the system performance.

2.2 RF Transceivers

As aforementioned, through spatial diversity it is possible to make the wireless channel

more robust and, therefore, less transmission power may be required, thus improving the EE.

However, one factor that cannot be neglected is the total power consumption required by the

transmitter and receiver nodes. In many scenarios, wireless nodes operate on low-charge bat-

teries, which can be difficult and expensive to recharge or replace. Therefore, the lifetime of a

node depends mainly on the amount of energy available in its battery. Although semiconductor

technologies have enabled significant improvements in the construction of devices with higher

processing capacity and storage space, the development of new battery improvements is grow-

ing slowly or stagnating (U.S. DEPARTMENT OF ENERGY, 2020). Consequently, this not
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only increases the demand for new energy-efficient solutions, but also increases the challenge

of circuit designers in terms of optimizing the power consumption of RF transceivers.

In order to transmit and receive RF signals, wireless communication systems require de-

vices with specific circuits. Fig. 2.1 shows a simplified block diagram for the transmitter

and the receiver (STEER, 2010), including amplifiers, filters, mixers, digital-to-analog con-

verter (DAC), analog-to-digital converter (ADC) and frequency synthesizer. Basically, RF

transceivers can be divided into three parts; radio frequency stage (for the RF signal ampli-

fication process), intermediate frequency stage (for the frequency up/down conversion process)

and baseband stage (for the modulation and demodulation process). Following the receive path,

the signal coming from the antenna is filtered and amplified before entering the mixer, which

down-converts the RF signal to an intermediate frequency (IF), followed by an IF filter and IF

amplifier. Then, the ADC converts the analog signal into a digital signal, so that the demodula-

tion can be performed. On the other hand, in the transmit path, the digital signal is converted to

analog signal by the DAC, followed by an IF filter before entering the mixer, which up-converts

the modulated signal to the desired carrier frequency. Then, the RF signal is filtered and am-

plified towards the antenna at the required transmission power level. Futhermore, a frequency

synthesizer to generate the local oscillator (LO) frequency completes the RF transceiver.

The PA and LNA are responsible for amplifying RF signals and, therefore, the most critical

active circuits of the transmitter and receiver, respectively. These amplifiers are typically de-

signed for the worst operating scenario, however, when high performance is not required during

communication, the device’s power consumption becomes excessive. In this context, a signif-

icant improvement in battery lifetime can be achieved if the device is able to reconfigure itself

according to the operating scenario. Normally, each building block of an RF transceiver follows

a different architecture, which aims to meet the minimum specifications of a targeted applica-

tion. In this work, our research focuses on reconfigurable PA and LNA circuits with different

power consumption modes, to operate at the 2.4 GHz band. Next, we present the main design

metrics for the PA and LNA, in addition to the foremost works found in the literature.

At the transmitter, the PA ends up consuming a large amount of power to amplify the



26

ADC LNAIFA

PADAC

MIXER

LO

LO

MIXER

TRANSMITTER CHAIN

RECEIVER CHAIN

RF

FILTER

IF

FILTER

RF

FILTERFILTER

IF

Figure 2.1: Simplified block diagram of an RF transceiver. Adapted from (STEER, 2010).

signal that will be transmitted by the antenna (RUIZ; PÉREZ, 2014). Thus, adjusting the PA

parameters is crucial to achieve high energy efficiency; even more so under modulated signals,

which typically have a high peak-to-average power ratio (PAPR) that limits the average output

power of the transmitter device. Notice that in the design of a PA, metrics such as power

gain, output power, stability, linearity and efficiency are generally the most important (CRIPPS,

2006). However, it is not possible to optimize all these parameters at the same time and the most

designs focus on a trade-off between some of them. To create different operating modes, both

the power gain and the output power or either can be reconfigured to adjust the performance as

well as the power consumption of the PA.

For instance, a fixed gain stage with a reconfigurable power stage was proposed by (SAN-

TOS; MARIANO; LEITE, 2016), which achieves a power gain of 13.5 dB and an output power

of 6 dBm in the lowest power mode, consuming 171 mW. For the highest power mode, a power

gain of 21.1 dB and an output power of 18.9 dBm are obtained by consuming 415 mW. The PA

in (SANTOS et al., 2017) also consists of two stages, the first with variable power gain and the

second with fixed output power. In this PA, the gain ranges from 22.4 dB in the lowest gain

mode to 31 dB in the highest gain mode, so that the power consumption varies from 171 to
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196.2 mW, besides to reaching an output power of 13.3 dBm. The works of (SANTOS; MARI-

ANO; LEITE, 2016) and (SANTOS et al., 2017) have been jointly extended in order to consider

both stages being reconfigurable (TARUI et al., 2018). Such combination is controlled by six

digital switches, three at each stage, yielding 64 possible operating modes with different levels

of power gain, output power and power consumption. The PA in (TARUI et al., 2018) admits

the power gain ranges from 10.1 to 31 dB, while the output power varies from 2.1 to 16.9 dBm,

with a power consumption of 119 to 394 mW.

Besides that, a twelve-mode PA with reconfigurable output matching network and supply

voltage selection was proposed by (MODESTO et al., 2019). This PA achieves a power gain

of 18.3 dB and an output power of 10.1 dBm, consuming 94.7 mW in the lowest power mode.

For the highest power mode, a power gain of 22.5 dB and an output power of 18.2 dBm are

obtained with a power consumption of 341.4 mW. In (GILASGAR; BARLABÉ; PRADELL,

2019), the authors proposed a PA with reconfigurable load-impedance matching, in which it

reaches 16.8 dBm in the output power and 7.9 dB in the power gain for a supply voltage of 3 V,

and an output power of 18.7 dBm with a power gain of 9.7 dB for a supply voltage of 4 V. While

in (GKOUTIS; KOLIOS; KALIVAS, 2019), the achieved output power of the PA ranges from

−4.6 to 14.2 dBm with a maximum power gain of 25.1 dB. In (SANTOS; LEITE; MARIANO,

2020), the PA provides an output power of 16.8, 18.1 and 19.9 dBm with a power gain of 8.1,

9.6 and 8.8 dB, by consuming 125.1, 183 and 296.5 mW for each operating mode, respectively.

In addition, another PA with three operating modes was presented by (BANERJEE; DING;

HEZAR, 2020), in which the peak output power varies from 11.7 to 31.6 dBm and the power

consumption ranges from 270.8 to 642.2 mW.

At the receiver, the sensitivity is dictated by the LNA in terms of noise figure and gain (FRIIS,

1944), due to its position at the beginning of the receiver chain. Therefore, the LNA should

be designed with high gain to sufficiently reduce the noise contribution of the subsequent

blocks (NXP, 2013). Consequently, the performance requirements of the other building blocks

can be relaxed to save energy. Besides to the low noise requirements, high linearity is also im-

portant in order to amplify the received signal with minimal distortion. However, it is important
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to emphasize that linearity was not taken into account in this work, since we did not consider in

our analysis an environment with interferences and, therefore, we assume that the RF amplifiers

operate in the linear zone. Although the LNA power consumption is much lower than the PA,

the proper adjustment of the LNA parameters may help the PA to operate in lower consump-

tion modes (SANTOS et al., 2019). Typically, reconfigurable LNA designs exploit current or

voltage control, impedance variation and feedback control to adjust their parameters.

For instance, the LNA proposed by (SOUZA; MARIANO; TARIS, 2017) has three operat-

ing modes and the circuit design is based on a complementary current-reuse common source am-

plifier, combined with a low-current active feedback. In high linearity mode, the LNA achieves

a minimum noise figure of 2 dB and a voltage gain of 21.1 dB with 7 mW of power consumption.

In low-power mode, it draws 1.5 mW, providing a 2.6 dB noise figure and a 21 dB voltage gain,

so that the overall LNA consumption can be reduced by more than 21%. Another three-mode

LNA was proposed by (ZAINI et al., 2017; ZAINI-DESEVEDAVY et al., 2018), in which the

circuit design consists of a common gate topology exploiting transistor body biasing while the

LNA parameters are reconfigurable by changing the supply voltage. Thus, the voltage gain is

16.8 dB, 18.8 dB and 21.5 dB, whereas the noise figure is 7.3 dB, 6.7 dB and 6.3 dB, with a

power consumption of 300 µW, 600 µW and 900 µW, respectively for each operating mode.

Besides that, current reuse and forward-body-bias techniques were employed to reduce

the power dissipation in the LNA presented by (BISHT; QURESHI, 2019). This reconfigurable

LNA allows for five operating modes and achieves a power gain of 3.96 to 10.17 dB with a noise

figure ranging from 3.77 to 5.34 dB and a power consumption of 1.61 mW. In (CHANG; SHIN,

2020), the authors presented a six-mode receiver, in which the gain can be controlled from 2 to

62 dB, while the noise figure is found between 2.5−3.0 dB, by dissipating 3.55 mW. Moreover,

two interesting LNAs can be found in the works of (WANG; HUANG; JIN, 2019; KUMAR;

DUTTA; SAHOO, 2020), however, these recent LNAs have their parameters reconfigurable in

band, that is, they can operate at different frequency bands in addition to the 2.4 GHz.
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2.3 Summary of the Chapter

As well as the main goal of this research work, the EE has been investigated extensively

in MIMO and cooperative scenarios, aiming to seek a better quality of transmission, while

consuming the lowest possible energy. Under the MIMO point of view, the AS technique can be

an interesting solution to increase the EE. The results presented by the state-of-the-art show that

the AS stands out mainly when the network nodes are closer to each other, even outperforming

transmissions with SISO nodes. On the other hand, MIMO beamforming is optimal in terms of

outage probability, reaching longer communication distances. However, MIMO beamforming

has low EE in short-range transmissions, since multiple RF chains consume more power at the

circuit level. Motivated by this trade-off in relation to the communication distance, the EE of

both schemes with reconfigurable RF amplifiers will be analyzed in Chapter 4. This EE analysis

can be useful for future implementations that encompass different communication scenarios of

wireless sensor networks and IoT.

In relation to cooperative communication, some protocols have been developed to obtain

diversity, in which we can highlight the IDF relaying scheme, especially when considering the

feedback channel, since better EE results can be achieved when compared to schemes without

feedback and direct transmission. So, the EE of this scheme will be exploited with reconfig-

urable RF amplifiers in Chapter 5. Moreover, we consider multiple relays in the cooperative

scenario, so that the relay selection is essential to save energy.

Although the power consumption of the transmitter and receiver chain is taken into account

in most works based on spatial diversity, optimizing the transmission power is the main goal

to improve the EE. Besides that, this collection of works does not exploit the characteristics of

reconfigurable electronic circuits that can be used in RF transceivers to save energy. However,

in the constant search for energy-efficient solutions, different possibilities need to be tested. In

this context, combining the spatial diversity gains with reconfigurable RF transceivers becomes

the main goal of this thesis, which will be detailed in the subsequent chapters.

Among the reconfigurable PA and LNA circuits found in the literature to operate at the
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2.4 GHz band, we have selected amplifiers with features that meet the performance require-

ments of IoT applications (XIA; CHEN; YANG, 2020). That is, according to 3GPP release

12 (3GPP TR 36.888, 2013), for a transmission power of 23 dBm and for a occupied channel

bandwidth of 180 kHz, it is considered a 5 dB receiver noise figure. Later, in 3GPP release

14 (3GPP TR 21.914, 2018), a lower 14 dBm power class was introduced for the use of low-

charge batteries as well as device cost reduction.

To assess the EE in the MIMO and cooperative scenario and bearing those IoT specifications

in mind, we chose the PA proposed by (TARUI et al., 2018), whose reconfiguration capacity has

64 different operating modes reaching an interesting variation in the transmission power from

2.1 to 16.9 dBm and a power consumption that can be reduced by more than 30%. In addition,

we chose the LNA in (ZAINI et al., 2017), even if the noise figure is between 1−2 dB above the

specification, this is the LNA that performs the lowest power dissipation, while presenting an

interesting gain for each operating mode. In the next chapter, we will detail these reconfigurable

PA and LNA circuits.
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CHAPTER 3

RECONFIGURABLE DESIGNS AND SYSTEM MODEL

In this work, we consider two network scenarios: i) non-cooperative communication with

MIMO nodes and ii) cooperative communication with SISO nodes; composed of one source

node denoted by S, one destination node denoted by D and K relay nodes denoted by RK ,

where K ≥ 01. Notice that the first network scenario is dealt with in Chapter 4, following the

work presented in (SANTOS et al., 2019). While the second proposed scenario is addressed in

Chapter 5, which is based on the work presented in (SANTOS et al., 2020). Let us consider

the RF signal transceiver chain represented by the block diagram in Fig. 3.1, in which the PA

and LNA are able to reconfigure their operating performance, while the other building blocks

have fixed operating point and fixed power consumption. We use capital letters Ni and Nj

to represent the available number of antennas at the transmitter and receiver, respectively; and

lower case letters ni and nj to denote the active number of antennas at each node. It is important

to remark that each RF chain is assembled with a single antenna. Moreover, PPA,i,mode and

PLNA,j,mode are the power consumed by the reconfigurable PA and LNA circuits, which depend

on their respective operating modes; whereas PTX,i and PRX,j represent the power consumption

of the other non-reconfigurable circuits at the transmitter and receiver chain.

Ni Nj

PPA, PLNA,

PA LNA

j ,modei ,mode

BUILDING
BLOCKS

TRANSMITTER
OTHER

BUILDING
BLOCKS

RECEIVER
OTHER

PTX, PRX,i j

Figure 3.1: RF transceiver, in which the circuits in gray are multimode designs.

1It is important to note that Chapter 4 considers the particular case of K = 0 relays, since we seek only to

compare non-cooperative schemes.
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3.1 Reconfigurable Power Amplifier (PA)

Typically, the PA is the most power-hungry block of the transmitter and, therefore, we

consider the reconfigurable parameters of this circuit to be inserted into the system model. The

adopted PA follows (TARUI et al., 2018), which is a two-stage class AB based on the cascode

topology, developed in an 130 nm CMOS technology.
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Figure 3.2: Multimode PA circuit design proposed in (TARUI et al., 2018) with gain and power

control (bias circuit is omitted).

Fig. 3.2 illustrates the PA design featuring a power gain stage, an output power stage and

two impedance matching networks. The first stage is responsible for the gain control, while

the second is a power control stage. In addition, the circuit topology has three cascode cells

(A, B and C) at each stage that are controlled by six digital switches (En1A, En1B, En1C,

En2A, En2B and En2C). Each switch acts on a cascode cell that is enabled with VDD = 1.8 V

and disabled with VDD = 0 V (GND). Therefore, for each activated structure, the width of

the effective channel resulting from the transistors increases, and thus the gain and the power

increases as well. The combination of these cascode structures provides distinct amplifying

characteristics for each cell, yielding 64 possible operating modes. Nevertheless, only 9 out of
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the 64 operating modes have been selected in this work, those that offer the best performance

advantages in terms of power gain, output power and power consumption.

Table 3.1 summarizes the post-layout results for each of the selected operating modes. The

operating mode 1 indicates the performance with the lowest power consumption, while op-

erating mode 9 represents the high-performance mode. As we can observe, the power gain

varies from 10.1 to 31 dB, the output power at the 1 dB compression point varies from 2.1 to

16.9 dBm, whereas the power consumption can be as low as 119 mW, up to 394 mW in the

high-performance mode.

Table 3.1: Characteristics of the proposed PA for each operating mode at 2.4 GHz.

Operating

Mode

Power Gain

(GPA,mode) [dB]

Transmission Power

(Pi,mode) [dBm]

Power Consumption

(PPA,i,mode) [mW]

1 10.1 2.1 119
2 15.0 4.1 126
3 18.0 7.5 153
4 23.2 8.1 166
5 26.1 12.3 223
6 26.8 13.3 245
7 30.1 15.3 310
8 30.9 15.9 337
9 31.0 16.9 394

Usually, conventional linear PAs achieve high efficiency close to the peak output power.

However, in modulated communication signals, these PAs operate most of the time at power

back-off and, consequently, the efficiency drops quickly at backed-off power levels. Thus, PAs

based on multimode operation are more propitious to improve the efficiency at power back-off,

since it can be switched to a lower power level to regain efficiency. The linearity characterization

of simplified versions of this PA in the presence of modulated signals for the IEEE 802.11n,

IEEE 802.11ax, IEEE 802.15.4 and LTE communication standards can be found in (RIOS et

al., 2016) and (MODESTO et al., 2018).

It is worth noting that in the case of multiple active RF chains, we assume that the trans-

mission power is uniformilly distributed, so that all PAs operate in the same mode.
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3.2 Reconfigurable Low Noise Amplifier (LNA)

Following the antenna-filter block, the LNA dictates the receiver sensitivity and, therefore,

we consider the reconfigurable parameters of this circuit to be inserted into the system model.

The employed LNA in (ZAINI et al., 2017) was designed for ultra low-power applications and

implemented in fully-depleted silicon-on-insulator (FDSOI) 28 nm technology.

OUTLNA
OUTPUT

BACK GATE CONTROL

BACK GATE CONTROL

INPUT

MATCHING

NETWORK
IN

CONTROL

VDD

x y

y

x

M

I

CG

MCS

MATCHING

NETWORK

bias

Figure 3.3: Multimode LNA circuit design proposed in (ZAINI et al., 2017) with back gate

control (bias circuit is omitted).

A simplified schematic of the adopted LNA is reported in Fig. 3.3. Interestingly input

matching is directly achieved by the common gate (MCG) stage, and controlled by the bias

current (Ibias). Unlike conventionnal LNA topologies, the proposed topology does not embed

passive devices, such as inductors for input/output matching, dramastically reducing its sili-

con footprint. This feature reduces the implementation cost of a communication system. The

amplifier parameters are reconfigurable via supply voltage. However, there is a threshold of

VDD = 0.8 V where the parameters are acceptable and there is no other possibility of decreas-

ing the supply voltage while maintaining the design requirements. Therefore, by tuning control

through body biasing, the threshold voltage of the transistors is decreased and the power supply

voltage can thus be reduced to 0.6 V with a back gate voltage of 2.0 V. This configuration en-
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hances the available gain and enables a reasonable noise factor2 under low-power constraints.

The noise factor is used to measure the degradation of the SNR and the lower the value of

the noise factor, the better the receiver performance. According to the Friis formula (FRIIS,

1944), the receiver sensitivity depends mainly on the first RF block. In this regard, the receiver

circuit designer works with a special focus on optimizing the LNA noise factor, since it directly

affects the receiver sensitivity. Hence, the overall noise factor can be expressed as

Fj,mode = FLNA,mode +
FSubsequentBlocks − 1

GLNA,mode

≈ FLNA,mode,

(3.1)

where FSubsequentBlocks is the combined noise factor of the subsequent blocks at the receiver

chain, while FLNA,mode and GLNA,mode are the noise factor and the linear voltage gain of the

LNA, respectively, which depend on its respective operating mode. Table 3.2 summarizes the

LNA measured performance for its three operating modes. As we can note, since the LNA gain

is high (GLNA ≥ 16.8 dB), the receiver noise factor can be well approximated by the LNA noise

factor. Also, note that the LNA can save power from 1.5× to 3×.

Table 3.2: Characteristics of the proposed LNA for each operating mode at 2.4 GHz.

Operating

Mode

Voltage Gain

(GLNA,mode) [dB]

Noise Factor

(FLNA,mode)

Power Consumption

(PLNA,j,mode) [mW]

1 16.8 5.4 0.3
2 18.8 4.7 0.6
3 21.5 4.3 0.9

It is worth noting that in the case of cooperative communication, we assume that the LNAs

of all relay nodes operate in the same mode during the broadcast phase.

2Let us note that the noise factor (F ) is linear and the noise figure (NF) is expressed in decibels (dB).
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3.3 Communication System Model

In this section, we present the mathematical model that represents the transmission of in-

formation over the wireless channel, including the reconfigurable parameters of the amplifiers,

that is, the output power of the PA and the noise factor of the LNA. In addition, to represent the

fading of the wireless channel, we adopt the Rayleigh distribution, which is normally used in

cases where there is non-line-of-sight (NLOS) between communicating nodes. Then, omitting

the time index, the source message received by the node j after a transmission performed by the

node i can be represented in the form

yij =

√

κij Pi,mode

ni

Hij xij +wij, (3.2)

where yij ∈ C
nj×1 is the received signal vector, κij is the link budget relationship in the i-j

link, Pi,mode is the PA transmission power distributed per active antenna ni, Hij ∈ C
nj×ni is

the matrix of quasi-static channel coefficients, whose elements hij ∈ Hij are independent and

identically distributed random variables with zero-mean and unit-variance Rayleigh distribu-

tion. In addition, xij ∈ C
ni×1 is the unit energy transmitted symbol vector and wij ∈ C

nj×1 is

the additive white Gaussian noise (AWGN) vector, with variance N0/2 per dimension, where

N0 is the unilateral thermal noise power spectral density.

The link budget relationship is assumed to be (GOLDSMITH, 2005)

κij =
Aλ2

L (4π)2 (dij)α
, (3.3)

where A is the total antenna gains, λ = 3.108

fc
is the wavelength, fc is the carrier frequency,

L is the link margin, dij is the distance between communicating nodes and α is the path loss

exponent.

Moreover, the instantaneous SNR at the receiver j after a transmission from i is

γij =‖H‖2F · γ̄ij, (3.4)
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where ‖.‖F is the Frobenius norm and the average SNR at each receive antenna with respect to

each transmit antenna is then measured as

γ̄ij =
Pj

Fj,mode N
, (3.5)

in which Pj =
κij Pi,mode

ni
is the received power, Fj,mode is the noise factor of the LNA and

N = N0 B is the noise power, where B is the system bandwidth.

3.4 Summary of the Chapter

Nowadays, with different operating requirements for wireless communication systems, re-

configurable RF transceivers have become an interesting solution, since employing multi-chips

into a device can increase the cost, size and power consumption. As detailed in Sections 3.1

and 3.2, the reconfigurable amplifier designs feature different operating modes for performance

and energy consumption, making it a crucial venue to perform different IoT applications. It is

worth mentioning that we exploit the features of only one reconfigurable circuit in the transmit-

ter and receiver chain; however, other building blocks of the RF transceiver can also be included

in the system model.

For our EE analysis, we model the system level design in Section 3.3 with the PA transmis-

sion power and the LNA noise factor. It is important to note that the operating modes of the PA

and LNA circuits directly impact the average SNR at the receiver. Hence, the properly adapta-

tion of these circuits affects the EE of the communication system, as it will be discussed in the

following chapters. More specifically, Chapter 4 focuses on non-cooperative MIMO schemes

with SE optimization for the EE analysis, while Chapter 5 encompasses cooperative SISO nodes

with multiple relays.
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CHAPTER 4

NON-COOPERATIVE MULTIPLE ANTENNA SCHEMES

Let us take on the MIMO system depicted in Fig. 4.1, for which two transmission schemes

are considered: Fig. 4.1a based on AS, in which a single pair of antennas is activated at the

source and destination, requiring a single RF chain at each side; and Fig. 4.1b MIMO beam-

forming scheme based on SVD, which uses precoding and equalization techniques in order to

improve reliability by using all transmit and receive antennas. Further, the SISO scheme is also

considered for comparison. First, we present two metrics for these transmission schemes, the

outage probability and the EE. Next, we elaborate the EE optimization problem and demon-

strate the algorithm used for the simulations. After that, we show some numerical examples to

evaluate the EE for the schemes under test and, finally, we summarize the main results obtained.

DS

DestinationSourceDestinationSource

(a) (b)

DS

Figure 4.1: Non-cooperative MIMO system: (a) AS scheme and (b) SVD scheme.

4.1 Single Antenna (SISO)

In the SISO scheme, where the source and destination nodes are equipped with a single

antenna (nS = nD = 1), the mutual information is defined as (GOLDSMITH, 2005)

ISISO = B log2 (1 + γSD) , (4.1)

where γSD = γ̄SD ·|hSD|2 and an outage event occurs whenever ISISO falls below the information

rate Rb = ξ · B, where ξ is the spectral efficiency in bps/Hz. Then, assuming the Rayleigh
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distribution, in which |hSD|2 has an exponential distribution, the outage probability of SISO is

given by (GOLDSMITH, 2005)

OSISO = Pr {ISISO < Rb}

= Pr

{

|hSD|2 <
2ξ − 1

γ̄SD

}

= 1− exp

(

−2ξ − 1

γ̄SD

)

.

(4.2)

Another important metric is the system throughput, defined as the rate of correct informa-

tion transfer between the source and the destination, as follows

TSISO = ξ · (1−OSISO) , (4.3)

in which the destination receives ξ bps/Hz if the transmission from the source is successful.

When calculating the EE, it is necessary to take into account the total power consump-

tion that includes the transmission power and the power consumed by the RF circuits. Let us

remark that, as this work targets narrowband applications with a single frequency carrier, the

portion of power that is consumed by baseband processing has been ignored. However, it is

worth mentioning that in multi-carrier broadband transceivers, the baseband consumption can

be compatible with that of RF circuits (BOUGARD et al., 2007). Next, we define the EE of the

SISO in bps/Hz/W or equivalently in bits/J/Hz as

ηSISO = ξ · (1−OSISO)

PPA,S,mode + PTX,S + PLNA,D,mode + PRX,D

. (4.4)

Therefore, in order to maximize EE, the power consumed by the RF transceiver must be

minimized. That is, reconfigurable circuits can help achieving this goal.
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4.2 Antenna Selection (AS)

Since increasing the number of antennas can increase the power consumption, then the

AS technique may be of particular interest to reduce the number of RF chains. In the case

of AS, a single RF chain will be active at the source and destination nodes, i.e., nS = 1 out

of NS antennas is selected at the source and nD = 1 out of ND antennas is selected at the

destination. We assume that the best pair of antennas can be chosen by the destination during

the transmission of pilot symbols prior to each frame. Then, the destination informs the best

transmit antenna (using only a few bits) via feedback channel. Thus, once the pair of antennas

is activated in order to maximize the SNR, the mutual information of the AS scheme becomes

IAS = B log2

(

1 + γ̄SD ·max
k,l
|hSD,k,l|2

)

, (4.5)

where k belongs to the set of antennas at the transmitter and l is the equivalent at the receiver,

so that the outage probability of AS follows (BRANTE et al., 2013)

OAS =

[

1− exp

(

−2ξ − 1

γ̄SD

)]NS ND

. (4.6)

Moreover, as only one antenna is active at each node, the EE of the AS scheme is

ηAS = ξ · (1−OAS)

PPA,S,mode + PTX,S + PLNA,D,mode + PRX,D

, (4.7)

where, we remark that although (4.7) is very similar to (4.4), the outage probability of AS is

lower than that of SISO, due to the exponent NS ND in (4.6), while the power consumption is

similar, once a single RF chain is active at each side in both schemes. Thus, it is expected that

AS yields a higher EE than SISO.
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4.3 Singular Value Decomposition (SVD) Beamforming

The use of beamforming through the SVD technique allows to exploit all nS = NS and

nD = ND antennas at once, ergo the mutual information of the SVD scheme can be expressed

as (TSE; VISWANATH, 2005)

ISVD = B log2

[

det
(

In + γ̄SD ·HSD H
†
SD

)]

,

= B

n
∑

l=1

log2
(

1 + γ̄SD · λ2
l

)

,
(4.8)

where In is an identity matrix, with n = min{NS, ND}, † denotes the conjugate transpose

operation and λl are the eigenvalues of HSD H
†
SD. In addition, by using Jensen’s inequality, the

mutual information of SVD can be upper bounded by (TSE; VISWANATH, 2005)

1

n

n
∑

l=1

log2
(

1 + γ̄SD · λ2
l

)

≤ log2

(

1 +
γ̄SD

n

n
∑

l=1

λ2
l

)

, (4.9)

and since
∑n

l=1 λ
2
l = Tr (HSDH

†
SD) =

∑

k,l |hSD,k,l|2, then the outage probability of SVD

becomes (BRANTE et al., 2013)

OSVD ≥ 1− exp

(

− ρ

γ̄SD

)NS ND−1
∑

m=0

1

m!

(

ρ

γ̄SD

)m

, (4.10)

where ρ = n
(

2ξ/n − 1
)

.

It is worth noting that SVD requires a feedback channel with large capacity, which may not

be very practical. On the other hand, AS requires only a few bits of feedback, needed to inform

the antenna index. However, our goal when comparing SVD with AS is to provide a benchmark

in terms of energy efficiency1.

1Let us remark that, as our numerical results will show, even neglecting the energy consumption of the feedback

channel of SVD, and considering a lower bound for the outage probability in (4.10), AS still outperforms SVD in

most situations.
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Finally, the EE of SVD is then calculated as

ηSVD ≤ ξ · (1−OSVD)

NS (PPA,S,mode + PTX,S) +ND (PLNA,D,mode + PRX,D)
. (4.11)

It is worth mentioning that, as the frequency synthesizer circuit can be shared among all

the antenna paths (CUI; GOLDSMITH; BAHAI, 2004), then we assume only one frequency

synthesizer at the transmitter side and one for the receiver.

Furthermore, once the mutual information of SVD is higher than that of AS and SISO (TSE;

VISWANATH, 2005), it yields the highest throughput compared to the other schemes. On the

other hand, since all RF chains are active, the power consumption is also higher, which may

present a few trade-offs in terms of EE compared to SISO and AS. In addition, let us remark that

the EE in (4.11) is an optimistic result, since the outage probability of SVD is lower bounded

in our analysis.

4.4 Optimization Problem

In order to maximize the EE of the communication system, we aim at a joint selection of the

best operating modes for the PA and LNA circuits. Let us remark that the operating mode of the

PA dictates the employed transmission power, while the operating mode of the LNA modifies

the sensitivity of the receiver. Besides, we also assume that the SE can be proper adjusted

by changing modulation and coding at the transmitter. So that, we use PAPR = 3 (
√
M −

1)/(
√
M +1), given by (CUI; GOLDSMITH; BAHAI, 2005). Note that M is the constellation

size of the M -ary quadrature amplitude modulation (QAM) scheme, which depends on the

SE value (M = 2ξ). It is important to note that the PAPR is equal to 0 dB when ξ = 2.

However, in the case of SE values ξ > 2, we consider that the PA operates at different backed-

off power levels. In other words, the higher the SE value, the higher the throughput and the

lower the transmission power at the PA output. Moreover, we also consider different antenna

arrangements (NS = ND) ≥ 2. It is worth mentioning that we consider NS = ND based on an

IoT network, in which the transmitting and receiving nodes have the same hardware. However,
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the analysis can be extended to arbitrary values of NS and ND. Thus, our optimization problem

becomes

max
PS,mode, FD,mode, ξ

η(sch) → sch ∈ {AS, SVD},

s.t. PS,mode ∈ SPA,

FD,mode ∈ SLNA,

ξ ≥ 2,

O(sch) ≤ O⋆,

(4.12)

where SPA is the set of transmission powers provided by the 9 operating modes of the PA,

according to Table 3.1 and SLNA is the set of the noise factors yielded by the 3 operating modes

of the LNA, according to Table 3.2. While O⋆ represents the target outage probability at the

receiver.

Algorithm 1 details the employed approach in order to jointly optimize PS,mode, FD,mode and

ξ. Due to the limited solution space, we resort to an exhaustive search to solve the optimization

problem in (4.12), in which Sξ is the set of available spectral efficiencies. Notice that this set

depends on the particular employed RF transceiver, as it is a functon of the available choices for

modulation and code rates. Moreover, PS,mode and FD,mode also belong to discrete sets. Then,

a look-up table (LUT) can be easily implemented in practice, with the size of the LUT being

|SPA|× |SLNA|× |Sξ|, where | · | represents the cardinality of the set. Thus, 27×|Sξ| entries for

the LUT are required in our problem, in which we consider a large set for Sξ in our simulations.

However, |Sξ| may be quite small in practice, so that the complexity of the proposed solution is

small.

Furthermore, we also assume that the adaptation of the PA and LNA operating modes is

done during the transmission of pilot symbols prior to each frame. Let us remark that the pilot

symbols exchange is already required for channel estimation due to the MIMO transmission

schemes. As a consequence, only a few aditional bits are required, depending on the number of

available modes.
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Algorithm 1 EE maximization for each transmission sch ∈ {AS, SVD}.
Input: dSD, O⋆

1: index← 1; η(sch),index−1 ← 0
2: for ξ ∈ Sξ do

3: for PS,mode ∈ SPA do

4: for FD,mode ∈ SLNA do

5: ; compute [PS,mode − PAPR(ξ)]→ in [dB]

6: ; compute FD,mode using (3.1)

7: ; compute PPA,S,mode and PLNA,D,mode

8: ; compute κSD and γ̄SD using (3.3) and (3.5)

9: ; compute O(sch) using (4.2), (4.6) and (4.10)

10: if O(sch) > O⋆ then

11: η(sch),index ← 0
12: else

13: ; compute η(sch),index using (4.4), (4.7) and (4.11)

14: if η(sch),index < η(sch),index−1 then

15: η(sch),index ← η(sch),index−1

16: end if

17: end if

18: end for

19: end for

20: end for

Output: η(sch),index

4.5 Numerical Results

In this section, we evaluate the EE numerically in different transmission scenarios consid-

ering our proposed optimization approach. The EE results were obtained through simulations

performed in the MATLAB® computational environment. Table 4.1 describes the parameters

used in the simulations.

Moreover, we compare the performance of the reconfigurable PA and LNA described in

Sections 3.1 and 3.2, respectively, with two state-of-the-art non-reconfigurable designs that

are among the best figures of merit found in the literature so far. The chosen PA and LNA

used for comparison aim at high-performance. In other words, their design focus on good

performance in terms of high output power for the PA and low noise factor for the LNA, rather

than having reconfigurable capabilities. We employ the PA proposed by (HAYATI; SHEIKHI;

GREBENNIKOV, 2015), which consumes 246.8 mW at 2.4 GHz, yielding an output power of

23.6 dBm. Whereas the LNA proposed by (PATHAK et al., 2020) provides a noise factor of 2.3,
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Table 4.1: System parameters for MIMO communication.

Parameter Description Value

B bandwidth 180 kHz †

L link margin 20 dB

fc carrier frequency 2.4 GHz

A total antenna gain 5 dBi ‡

α path loss exponent 2.5 ‡

O⋆ target outage probability 10−3 ‡

N0 noise power spectral density −174 dBm/Hz ‡

PTX,S non-reconf. TX power consumption 98 mW ‡

PRX,D non-reconf. RX power consumption 94.4 mW ‡

†Source: (3GPP TR 36.888, 2013),
‡Source: (NAEEM; PATWARY; ABDEL-MAGUID, 2017).

besides to a gain of 24 dB and occupies the frequency range between 2.2 GHz and 2.55 GHz,

with a power consumption of 0.957 mW.

4.5.1 Energy Efficiency with Fixed Spectral Efficiency

First, let us consider the case when the optimization problem in (4.12) is solved with fixed

SE, i.e., only the effect of the PA and LNA operating modes are considered. In the Fig. 4.2, we

plot the EE of SISO, AS and SVD schemes as a function of the distance when NS = ND =

2 antennas and ξ = 2 bps/Hz, which corresponds to a PAPR = 0 dB. The goal here is to show the

transmission range for each operating mode of the PA. First, note that the curves appear to be

incomplete, since each scheme can only transmit up to a given range due to the QoS constraint

(O(sch) ≤ O⋆). Further, we can see that mode 1 (low-power) is the most energy-efficient due

to the lowest-power consumption, while mode 9 (high-performance) allows to reach longer

distances with the penalty of EE. We also note that the EE of SISO and AS is higher for short-

range communications, but the distance range of AS is greater than that of SISO. Due to the

lower outage probability, SVD performs longer transmissions than other schemes; however, let

us remark that this scheme consumes more power at the circuit level, which impacts on EE.

In Fig. 4.3, we provide a comparison between reconfigurable and non-reconfigurable de-

signs. For the curves of reconfigurable designs, we observe that AS outperforms the other
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(c) SVD.

Figure 4.2: EE of SISO, AS and SVD schemes for each PA operating mode with reconfigurable

LNA, when ξ = 2 bps/Hz and NS = ND = 2 antennas.

schemes in terms of EE, but SVD allows longer communication distances, which may be im-

portant to some IoT applications. In addition, for short-range communications, the EE obtained

using the reconfigurable circuits is significantly higher compared to the non-reconfigurable cir-

cuits. For instance, at distances up to 67 meters, an energy gain above 49% for SVD and 40% for

AS is achieved, while for SISO we observe an improvement in distances of up to 23 meters. As

a conclusion, to significantly reduce the energy required an end-to-end communication, the pro-

posed approach shows that the design and development of reconfigurable RF circuits is crucial

towards improving the EE of modern applications, which have very distinct communication

ranges. Besides that, we also observe that the performance using non-reconfigurable circuits

becomes better at longer distances. Such behavior occurs since the circuits from (HAYATI;
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SHEIKHI; GREBENNIKOV, 2015; PATHAK et al., 2020), as most of the approaches for the

constructions of PAs and LNAs, are designed for these operating points. Thus, these circuits can

be optimized for long distances, sacrificing reconfigurability. To compare, the PA from (HAY-

ATI; SHEIKHI; GREBENNIKOV, 2015) provides a transmission power of 23.6 dBm, while

the mode 9 of the PA from Section 3.1 yields 16.9 dBm. In addition, the LNA noise factor

from (PATHAK et al., 2020) is 2.3, while the mode 3 of the LNA from Section 3.2 has a noise

factor of 4.3.

0 200 400 600 800 1000 1200

Transmission Distance [m]

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

E
ne

rg
y 

E
ffi

ci
en

cy
 [b

/J
/H

z]

SISO with reconf. circuits
SISO with non-reconf. circuits
AS with reconf. circuits
AS with non-reconf. circuits
SVD with reconf. circuits
SVD with non-reconf. circuits

Figure 4.3: EE of SISO, AS and SVD, comparing reconfigurable and non-reconfigurable cir-

cuits, when ξ = 2 bps/Hz and NS = ND = 2 antennas.

Fig. 4.4 complements the analysis, showing the total power consumption of SISO, AS and

SVD schemes, represented by the black dashed lines and the axis on the left side of the figure.

In addition, the operating mode of the PA and LNA circuits are also shown as a function of

the distance, represented by the colored bars and the axis on the right side of the figure. So,

a first observation shows that the reconfigurable LNA switches its operating mode before the

reconfigurable PA, which is expected since its consumption is lower when compared to the PA.

That is, the PA remains in the lowest-power consumption point (mode 1) as much as possible,

while the LNA switches its operating mode with the increase of the distance in order to improve

the sensitivity at the receiver. When it is not possible to improve the sensitivity even further

by changing the LNA operating mode, then the PA operating mode changes to increase the
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transmission power. After the PA switches its operating mode, we observe that the LNA returns

to a lower operating mode in order to adjust the RF signal gain at the receiver. Furthermore, we

can also conclude that the power consumption of AS is similar to that of SISO, whereas SVD

consumes considerably more power at the circuit level.

(a) SISO. (b) AS.

(c) SVD.

Figure 4.4: Overall power consumption and best operating mode for the PA and LNA circuits,

of SISO and MIMO schemes, when ξ = 2 bps/Hz and NS = ND = 2 antennas.

4.5.2 Energy Efficiency with Optimized Spectral Efficiency

Hereafter, we optimize the SE along with the PA and LNA operating modes in order to

maximize the EE. First, Fig. 4.5 depicts the EE as a function of the SE with Sξ ∈ [2, 16] for

two link distances between the source and the destination. From the figure, we observe that the

SE contributes to maximize the EE. That is, at a certain communication distance, there is an
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optimum SE value that maximizes each transmission scheme. Moreover, the optimum SE value

for each scheme as a function of the distance is shown in Fig. 4.6. As we observe, the RF signal

is transmitted with high SE for short-range communications, since the communication channel

has higher SNR. However, when the distance increases, notice that the SE decreases to meet the

target outage probability at the receiver.
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Figure 4.5: EE versus SE, when NS = ND = 2 antennas.
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Figure 4.6: Optimum SE as a function of the distance, when NS = ND = 2 antennas.
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Fig. 4.7 illustrates the EE of SISO and MIMO schemes. First, we can see an ‘oscillation’ in

the EE curve that reflects the switching of the PA and LNA operating modes along with the SE

optimization. Next, comparing with Fig. 4.3, we observe a significant gain in terms of EE. In

addition, the AS is still more energy-efficient than SISO; however, the EE of AS remains higher

than that of SVD only for very short distances. More interestingly, we can notice that when

optimizing the SE, the SVD scheme became more energy-efficient than SISO and, therefore,

compensating the issue of circuitry power consumption that would impact the EE for short

distances. Furthermore, it is worth mentioning that we use very high spectral efficiencies in this

analysis for the sake of illustration; however, in practice this will be limited by the available

modulation and coding at the transmitter.
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Figure 4.7: EE of SISO, AS and SVD schemes with the joint optimization of the PA and LNA

operating modes, as well as the SE, when NS = ND = 2 antennas.

Fig. 4.8 depicts the selected operating modes for the PA and LNA circuits as a function

of the distance, as well as the total power consumption. Compared to Fig. 4.4, where the

total power consumption is a non-decreasing function of the transmission distance, here the

total power consumption oscillates a bit more since the PA changes its operating modes more

constantly. Such interesting behavior can be explained by the reconfiguration of SE in order

to maintain an acceptable communication quality given by the target outage. Furthermore, it is

noteworthy that optimizing the SE does not decrease the power consumption at the circuit level,
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(a) SISO. (b) AS.

(c) SVD.

Figure 4.8: Overall power consumption and best operating mode for the PA and LNA circuits,

when optimizing the SE with NS = ND = 2 antennas.

but increases the system throughput which impacts the EE. Therefore, depending on the SE, the

reconfigurable RF amplifiers adapt their operating modes in order to enhance the EE.

4.5.3 Considerations About Optimizing the Number of Antennas

In this subsection, we aim to provide some insights on how the number of antennas affects

the EE performance. First, Fig. 4.9 evaluates the EE as a function of the number of antennas,

which we consider to be the same in both source and destination nodes, i.e., NS = ND. More-

over, we also consider the optimization of the PA and LNA operating modes, as well as the SE.

Considering the communication distances under analysis 100 m and 250 m, we note that when

we increase the number of antennas, AS achieves higher EE, but the EE gain increases slowly



52

after a certain number of antennas. In the case of SVD, there is an optimum number of antennas

with the reconfigurable approach that maximizes the EE. In our examples, 4 × 4 antennas is

optimal for d = 100 m, while a 5× 5 arrangement is optimal for d = 250 m.
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Figure 4.9: EE versus number of antennas with NS = ND.

Therefore, the optimization of the number of active antennas in SVD would be another

interesting approach. In order to illustrate that, we consider in Fig. 4.10 that the SVD scheme

can randomly choose n⋆ out of NS = ND antennas, while we restrict the search space for NS =

ND ∈ [2, 10] as an example. In Fig. 4.10a, note that the optimum number of antennas relies on

the communication distance, which is an important issue to be considered in the EE analysis,

as shown in Fig. 4.9. Thus, Fig. 4.10b plots the EE as a function of the transmission distance,

including the additional optimization of n⋆ for the SVD scheme. From the Fig. 4.10b, we can

see not only an increase in the EE, but also an increase in the communication distance, showing

that our approach has a significant impact for future deployments of MIMO systems. Let us

also remark that such approach can be further optimized in order to choose the n⋆ best antennas

out of NS = ND, i.e., by selecting the n⋆ antennas that yield the lower outage probability, or the

higher EE. However, this implies in re-calculating the outage probability to take into account

the additional spatial diversity, which we leave for future investigations.
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Figure 4.10: (a) Optimum number of antennas for the SVD scheme; (b) EE of SVD with the

joint optimization of the PA and LNA operating modes, the SE and the number of antennas.

4.6 Summary of the Chapter

In this chapter, the performance of the SISO, AS and SVD schemes in terms of EE is

compared. In our optimization problem, we propose the joint selection of the best operating

mode for the PA and LNA circuits, in addition to optimizing the SE. It was found that the AS

technique allows to save energy, in which the results show that it perform better over short

distances for all evaluated scenarios. However, there are conditions in which the SVD becomes

more energy-efficient, reaching even longer communication distances in relation to the other

schemes.

In our first analysis, we evaluate the EE taking into account only the reconfigurability of

the PA and LNA circuits, then we fix the SE and the number of antennas. In this scenario, we

illustrate the EE and the transmission for each PA operating mode with the reconfigurable LNA,

and the results show that the low-power mode achieves the highest EE, while the longest trans-

mission distance is achieved by switching to the highest-performance mode. In addition, we

conduct a comparison with circuits that were designed for performance with a fixed operating

point. In this case, the results show that reconfigurable circuits are of paramount importance

towards improving the EE; however, it is worth mentioning that with the penalty of EE, non-

reconfigurable circuits reach longer distances compared to reconfigurable circuits. Also, we
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complement that in very short transmissions, the SISO is more energy-efficient than the SVD

scheme, as each antenna added to the SVD increases the power consumption.

Then, by reconfiguring the SE with the RF amplifier circuits, the results show a significant

increase in the EE for all transmission schemes, that is, there is an optimum value of SE that

maximizes the EE. Over short distances, it has been noticed that MIMO systems improve their

performance with higher spectral efficiencies. Furthermore, in this scenario, the SVD becomes

more energy-efficient than the SISO and, more significantly, in less than 10 meters the SVD

outperformed the AS scheme.

Finally, we also considered optimizing the number of antennas. That is, we indicate that

different antenna arrangements corroborate to enhance the EE. So, the joint optimization of the

PA and LNA operating modes, SE and number of antennas stands out as a promissing solution

to maximize the EE, which still requires a thorough investigation in the future.
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CHAPTER 5

INCREMENTAL DECODE AND FORWARD WITH SINGLE

ANTENNA NODES AND MULTIPLE RELAYS

Let us consider the cooperative SISO system with multiple relays positioned between the

source and destination nodes, as shown in Fig. 5.1. We propose a comparison between the IDF

relaying scheme based on relay selection, with non-cooperative schemes equipped with multiple

antennas. For non-cooperative MIMO nodes, we consider the same schemes as in Chapter 4,

i.e., AS and SVD. Notice that the effect of reconfigurable RF amplifiers is also considered for

these schemes under test. Moreover, the energy spent to transmit feedback frames, required for

IDF as well as for the MIMO schemes, is also taken into account in the energy consumption

model.

Broadcast phase

DS

Cooperative phase

Feedback

R

RK

1

K relays

Source Destination

R2
Selected
Relay

Figure 5.1: Cooperative SISO system with S, D and K relays.
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5.1 Incremental Decode and Forward (IDF) Relaying

In the IDF scheme, one or two time slots can be used for the communication process. In

the first time slot, the source broadcasts its message, which is received by the destination and

overheard by the K relays. If the destination fails to decode the message from the source in the

broadcast phase, then it replies with a NACK signal via feedback channel asking for a retrans-

mission from the relay. Then, in the second time slot, the relay retransmits the message from the

source, only if it has been successfully decoded in the broadcast phase. Finally, the destination

combines the signals received from the source and relay nodes using a MRC scheme (GOLD-

SMITH, 2005). Moreover, in the cooperative phase, we consider an opportunistic relay selec-

tion scheme (BLETSAS et al., 2006). Notice that each relay node is able to estimate its own

channel state information (CSI) with respect to the destination using the NACK message from

the destination node in the cooperative phase. Thus, in possession of γRD, each relay waits for

a time tR ∝ 1/γRD before transmitting. In addition, when a retransmission occurs, we assume

a carrier sense multiple access with collision avoidance (CSMA-CA) protocol, so that collision

is not considered in our analysis. Then, the node with the highest SNR with respect to the desti-

nation will be the first to retransmit the source message to the destination (YABCZNSKI et al.,

2021).

Since all network links are subject to failure, the overall outage probability is modelled

as (PERON; BRANTE; SOUZA, 2015)

OIDF = OSDOK
SR +

K
∑

k=1

(

K

k

)

OK−k
SR (1−OSR)

kOSRD(k), (5.1)

where the point-to-point outage probabilities at the broadcast phase are lumped as

Oij = 1− exp

(

−2ξ − 1

γ̄ij

)

. (5.2)

Moreover, the expression for OSRD(k) in (5.1) is a function of k and represents the MRC

of the message transmitted by the source in the broadcast phase with the retransmission from
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the selected relay in the cooperative phase, which can be calculated as (PERON; BRANTE;

SOUZA, 2015)

OSRD(k) =
k−1
∑

l=0

(

k − 1

l

)

k (−1)l
γ̄SD (l + 1)− γ̄RD

×
{

γ̄SD

[

1− exp

(

−2ξ − 1

γ̄RD

)]

− γ̄RD

l + 1

[

1− exp

(

−2ξ − 1 (l + 1)

γ̄RD

)]}

,

(5.3)

in which (5.3) assumes that γ̄SD (l + 1)− γ̄RD 6= 0.

5.1.1 Energy Efficiency

In order to evaluate the EE, we define the total energy consumption per bit of each scheme.

Following (ROSAS; OBERLI, 2012), we model the energy consumption with the appropriate

modifications, that is, including the reconfigurable RF amplifiers. First, let us define the average

transmission time per payload bit, which is given by (ROSAS; OBERLI, 2012)

Tb =
1

Rs

(

1

ξ
+

H +O

P

)

, (5.4)

where Rs denotes the physical layer symbol rate, H is the size of the header, P is the size of the

payload and O is a measure of the total overhead bits per forward frame.

Then, consider the cooperative network scenario presented previously in Fig. 5.1, where

the communication process can be carried out in two time slots. In the first time slot, the source

broadcasts its message, which is forwarded to the destination and also overheard by the K relay

nodes. Thus, the energy consumption of the broadcast phase is

Ebroad = [PPA,S,mode + PTX,S + PLNA,D,mode + PRX,D +K (PLNA,R,mode + PRX,R)] Tb, (5.5)

whereas in the second time slot, only the selected relay transmits to the destination, so that the
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energy consumption of the cooperative phase is calculated as

Ecoop = (PPA,R,mode + PTX,R + PLNA,D,mode + PRX,D)Tb. (5.6)

Moreover, let us assume that feedback frames are decoded without errors. So, we consider

that the feedback frame consumes additional energy in the total energy consumption and takes

Tfb seconds longer. Thus, the energy spent due to the feedback frame is

Efb = [PPA,D,9 + PTX,D +K (PLNA,R,3 + PRX,R)] Tfb, (5.7)

with Tfb = F/(Rs P ), where F is the number of bits that compose the feedback frame. Also,

note that the feedback transmission is from destination to K relay nodes. Then, the relay with

the best transmission condition is selected to operate in the cooperative phase. Moreover, since

we consider a retransmission request via an error free feedback channel, we put the reconfig-

urable RF amplifiers in high-performance mode in order to increase the link quality, so that the

PA is in mode 9 and the LNA in mode 3.

The main difference when a feedback channel is available in the communication process is

that the destination responds with a ACK/NACK frame whenever it detects the successful/failed

reception at the broadcast phase. In other words, the cooperative phase will be necessary only

if the destination was not able to receive the source message correctly. Next, we define the EE

for the IDF scheme, including the feedback energy as

ηIDF = ξ · (1−OSD)

Ebroad + Efb
+

ξ

2
·

K
∑

k=1

(

K

k

) OK−k
SR (1−OSR)

k

Ebroad + Ecoop + Efb
· [OSD −OSRD(k)] , (5.8)

where the destination receives ξ bps/Hz if the transmission at the broadcast phase is successful

or receives ξ/2 bps/Hz if transmission at the cooperative phase is successful. Otherwise, if the

source message could not be received correctly by the destination in either of the transmission

phases, the message is discarded and the instantaneous EE is considered to be zero.
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5.2 Benchmark Schemes

In this section, we present the energy efficiency expressions for the non-cooperative MIMO

schemes, with the main modification with respect to Chapter 4 being the inclusion of the feed-

back channel, which is required for AS in order to select the best antenna at the transmitter, and

required for SVD in order to design precoding and equalization matrices.

5.2.1 Antenna Selection (AS)

As in Section 4.2, only one antenna is active at both transmitter and receiver, which reduces

the power consumption due to the reduced number of RF chains. The pair of antennas can be

chosen during the transmission of pilot symbols prior to each frame, in which the best antenna

at the receiver is selected based on the highest received SNR, whereas a feedback channel is

required in order to inform the index of the selected antenna to the transmitter, also based on

the highest instantaneous SNR. Let us remark that a small number of feedback bits is usually

required for AS, in the order of log2(NS) (KRAUSS et al., 2019). The outage probability of AS

is given in (4.6), which we reproduce here for an easier visualization

OAS =

[

1− exp

(

−2ξ − 1

γ̄SD

)]NS ND

. (5.9)

Moreover, the total power consumption including the feedback energy is

PAS = (PPA,S,mode + PTX,S + PLNA,D,mode + PRX,D)Tb

+ (PPA,D,9 + PTX,D + PLNA,S,3 + PRX,S)Tfb,

(5.10)

and the EE of AS is calculated as

ηAS = ξ · (1−OAS)

PAS

. (5.11)
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5.2.2 Singular Value Decomposition (SVD) Beamforming

In this scheme, all antennas are used at the transmitter and receiver nodes, which increases

the robustness to channel fading, but also increases the power consumption due to the number

of active RF chains. In addition, a feedback channel is also required for SVD; however, the

capacity of the feedback channel must be much higher than in the case of AS. Let us remark that

the complex realization of the channels are required for SVD in order to design the precoding

matrix at the transmitter, including both phase and amplitude information. In the literature,

it is usual to assume that the magnitude can be fed back with as low as a 1-bit quantization

scheme, while b bits are used for the phase information, by employing a codebook consisting of

2b NS-dimentional elements (YOO; JINDAL; GOLDSMITH, 2007; KRAUSS et al., 2019), i.e.,

the receiver quantizes the channel phase of each receive antenna to one of the elements in the

codebook, then such codebook indexes are fed back to the transmitter. In this case, NS (b + 1)

feedback bits are required for SVD.

Recalling (4.10), the outage probability of SVD is

OSVD ≥ 1− exp

(

− ρ

γ̄SD

)NS ND−1
∑

m=0

1

m!

(

ρ

γ̄SD

)m

, (5.12)

where ρ = n
(

2ξ/n − 1
)

with n = min{NS, ND}. The total power consumption of SVD is

PSVD = [NS (PPA,S,mode + PTX,S) +ND (PLNA,D,mode + PRX,D)] Tb

+ [ND (PPA,D,9 + PTX,D) +NS (PLNA,S,3 + PRX,S)] Tfb,SVD,

(5.13)

where Tfb,SVD = FSVD/(Rs P ). Note that due to the use of all antennas in the SVD scheme, the

total power consumption is higher compared to the AS scheme.

Finally, the EE of SVD is represented by

ηSVD = ξ · (1−OSVD)

PSVD

. (5.14)
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5.3 Optimization Problem

We propose the EE optimization for the IDF scheme, also selecting the best operating mode

for the PA and LNA circuits, as follows

max
Pi,mode, Fj,mode

ηIDF,

s.t. Pi,mode ∈ SPA,

Fj,mode ∈ SLNA,

O(sch) ≤ O⋆.

(5.15)

It is worth mentioning that in this chapter, the SE is kept unchanged for the sake of sim-

plicity in the comparison between the transmission schemes, in which we consider ξ = 2. In

addition, we remind that the operating modes of the PA transmission power Pi,mode ∈ [1, 9],

according to Table 3.1 and the operating modes of the LNA noise factor Fj,mode ∈ [1, 3], ac-

cording to Table 3.2. Then, we resort to an exhaustive search to solve our optimization problem

in (5.15).

In Algorithm 2, we can notice that if the transmission from the source to the destination

occurred successfully in the broadcast phase, then the second time slot will not be necessary

and, therefore, energy savings will be obtained. Moreover, it is important to mention that if the

cooperative phase occurs, then the energy consumption spent by the relay for retransmitting the

source message to the destination will be computed, even if this transmission fails in the second

time slot.
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Algorithm 2 EE maximization for the IDF scheme.

Input: dij , O⋆

1: index← 1; ηIDF,index−1 ← 0
2: for PS,mode ∈ SPA do

3: for FD,mode ∈ SLNA do

4: ; compute [PS,mode − PAPR(ξ)]→ in [dB]

5: ; compute FD,mode using (3.1)

6: ; compute PPA,S,mode and PLNA,D,mode

7: ; compute κSD and γ̄SD using (3.3) and (3.5)

8: ; compute OSD using (5.2)

9: for FR,mode ∈ SLNA do

10: ; compute FR,mode using (3.1)

11: ; compute PLNA,R,mode

12: ; compute Ebroad using (5.5)

13: ; compute Efb using (5.7)

14: ; compute κSR and γ̄SR using (3.3) and (3.5)

15: ; compute OSR using (5.2)

16: if OSD > O⋆ then

17: for PR,mode ∈ SPA do

18: for FD,mode ∈ SLNA do

19: ; compute [PR,mode − PAPR(ξ)]→ in [dB]

20: ; compute FD,mode using (3.1)

21: ; compute PPA,R,mode and PLNA,D,mode

22: ; compute Ecoop using (5.6)

23: ; compute κRD and γ̄RD using (3.3) and (3.5)

24: ; compute ORD using (5.2)

25: ; compute OIDF using (5.1)

26: if OIDF > O⋆ then

27: ηIDF,index ← 0
28: else

29: ; compute ηIDF,index using (5.8)

30: if ηIDF,index < ηIDF,index−1 then

31: ηIDF,index ← ηIDF,index−1

32: end if

33: end if

34: end for

35: end for

36: else

37: ; compute Ecoop ← 0
38: ; compute ηIDF,index using (5.8)

39: if ηIDF,index < ηIDF,index−1 then

40: ηIDF,index ← ηIDF,index−1

41: end if

42: end if

43: end for

44: end for

45: end for

Output: ηIDF,index
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5.4 Numerical Results

In this section, we present some numerical results in order to assess the EE. Let us remark

that our goal is to combine cooperative communication through the IDF scheme with the re-

configurability of the PA and LNA circuits. The simulation parameters are defined in Table 5.1.

According to (KRAUSS et al., 2019), as low as b = 1 quantization bits can be used depending on

the system requirements, which implies in 2b NS feedback bits for SVD, compared to log2(NS)

bits for AS. In order to provide some numerical examples, we have considered that SVD re-

quires a feedback frame that is twice that of AS and IDF. Moreover, note that NS ND = K − 1

is necessary for a fair comparison in terms of diversity order. Therefore, when setting for the

MIMO schemes (NS = 1 and ND = 2) or (NS = 2 and ND = 1), we consider K = 1 for IDF

and, when applying (NS = ND = 2) for the MIMO schemes, then K = 3 must be set to IDF.

Table 5.1: System parameters for cooperative communication.

Parameter Description Value

Rs symbol rate 10 kBd †

P forward payload frame length 98 bytes †

H forward header frame length 2 bytes †

O forward overhead frame length 5 bytes †

F feedback frame length for IDF and AS 11 bytes †

FSVD feedback frame length for SVD 22 bytes

ξ spectral efficiency 2 bps/Hz

B bandwidth 180 kHz §

L link margin 20 dB

fc carrier frequency 2.4 GHz

A total antenna gain 5 dBi ‡

α path loss exponent 2.5 ‡

O⋆ target outage probability 10−3 ‡

N0 noise power spectral density −174 dBm/Hz ‡

PTX,i non-reconf. TX power consumption 98 mW ‡

PRX,j non-reconf. RX power consumption 94.4 mW ‡

§Source: (3GPP TR 36.888, 2013),
†Source: (ROSAS; OBERLI, 2012),

‡Source: (NAEEM; PATWARY; ABDEL-MAGUID, 2017).

Fig. 5.2 compares the EE of IDF with the non-cooperative MIMO schemes, where the

number of relays is K = 1, with NS = 1 and ND = 2 for the MIMO schemes in Fig. 5.2a, and

NS = 2 and ND = 1 in Fig. 5.2b. Fig. 5.2a depicts that the AS performs better in terms of EE
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than the other schemes, which is justified since this scheme has the lowest power consumption

at the circuit level. On the other hand, the IDF scheme is the method that reaches the longest

transmission distance, outperforming SVD both in terms of EE and transmission range. For the

communication scenario proposed in Fig. 5.2b, we can observe a slight improvement in EE for

the SVD and an increase in the transmission range due to the set of 2× 1 antennas.
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(a) MIMO (1× 2) and K = 1.
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(b) MIMO (2× 1) and K = 1.

Figure 5.2: EE comparison between IDF, AS and SVD schemes, with the relay positioned at

dSR = 0.5 dSD.

Next, Fig. 5.3 depicts a scenario with MIMO (2× 2) and K = 3. Similarly to the previous

analysis, the AS scheme achieves the highest EE among the considered schemes. Furthermore,

we note that there is a trade-off between IDF and SVD, in which IDF performs better over

short distances, while SVD reaches longer transmission distances, for the same target outage

probability. Through this analysis, we can see that the schemes under test show different EE

results, which depend mainly on the diversity order adopted in each communication system.
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Figure 5.3: EE of IDF, AS and SVD, with MIMO (2×2) and K = 3, with the relays positioned

at dSR = 0.5 dSD.

In Figs. 5.4-5.6, we show how the reconfigurable PA and LNA circuits operate for the coop-

erative relaying scheme, with the one relay positioned at different distances between the source

and the destination, that is, dSR = 0.2 dSD, dSR = 0.5 dSD and dSR = 0.8 dSD, respectively.

Moreover, note that the figure on the left represents the S-D link, the one in the middle is the

S-R link, while the one in the right is the R-D link. First, analyzing the broadcast phase, it

is worth noting that at a specific distance the PA transmits the same amount of power to the

destination and relay nodes, then the PA switches to a higher transmission power mode only

when the distance increases. Besides that, only during transmission between the S-R nodes, we

notice that the LNA presents different results in switching operating modes, which is justified

with the relay located at different distances.

Furthermore, analyzing the retransmission phase, we observe that an efficient adaptation

protocol is required. This can be achieved during the handshake phase in order to obtain the

channel estimates and reconfigure the transmitter and receiver circuits, as needed. Moreover,

since the relay operates only if necessary, results show that the relay is responsible for most

of the reconfigurability, then the LNA and PA circuits tend to switch their operating modes

more frequently. As we can see in Fig. 5.4, the relay being closer to the source presents a

more significant interaction, which in this case means that the relay cooperates more in the
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Figure 5.4: Total power consumption in each point-to-point transmission and best operating

mode for the PA and LNA circuits, with the relay positioned at dSR = 0.2 dSD.

Figure 5.5: Total power consumption in each point-to-point transmission and best operating

mode for the PA and LNA circuits, with the relay positioned at dSR = 0.5 dSD.

Figure 5.6: Total power consumption in each point-to-point transmission and best operating

mode for the PA and LNA circuits, with the relay positioned at dSR = 0.8 dSD.

retransmission. Whereas Fig. 5.6 shows the relay close to the destination, that is, we can observe

low activity in the PA and LNA operation modes. Finally, another important observation is that

there is an optimal position for the relay node, in our examples a greater communication distance

together with the EE is maximized with the relay positioned in the middle between the source

and destination nodes, as shown in Fig. 5.5.
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5.4.1 Considerations About Optimizing the Number of Relays

Fig. 5.7a illustrates the optimum number of relays, considering the range 1 ≤ K ≤ 10, with

the joint optimization of the PA and LNA operating modes that maximizes the EE. From the

figure, we can see that the optimum number of relays increases according to the communication

distance. Also, notice that by increasing the number of relays, longer distances are attainable.

Moreover, it is worth mentioning that the number of relays applied in this example is small,

which makes it feasible in practice. Furthermore, Fig. 5.7b presents the EE results by jointly

selecting the best operating modes of the PA and LNA circuits with the optimum number of

relays. Notice that the number of relays has contributed for achieving longer communication

distances. When comparing this result with Fig. 5.2, we can see that for short distances there

has been no increase in the EE, which is justified by the fact that the EE is maximized with

fewer relays. More interestingly, it is worth mentioning that in the broadcast phase all relays

hear to the source and, therefore, the greater the number of cooperative relays, the greater the

power consumption at the circuit level, which impacts on the EE.
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Figure 5.7: (a) Optimum number of relays for the IDF scheme; (b) EE of IDF with the joint

optimization of the PA and LNA operating modes and the number of relays, with the relay

positioned at dSR = 0.5 dSD.
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5.5 Summary of the Chapter

In this chapter, the EE analysis is presented for cooperative communication. In this network

scenario, we assume nodes equipped with single antenna and our system is modeled taking

into account also the reconfigurability of RF amplifiers. Our goal was to compare cooperative

transmissions, using the IDF scheme, aided by a feedback channel to perform relay selection,

with non-cooperative schemes with multiple antennas.

Through the results, we found that the AS outperforms the others schemes in terms of EE.

For the scenario MIMO (2× 1) and K = 1, IDF outperforms the SVD scheme. In addition, by

increasing the diversity order of the schemes to MIMO (2× 2) and K = 3, we note that the AS

scheme still achieves the highest EE among the considered schemes. On the other hand, a trade-

off between EE and transmission distance is noted between the IDF and SVD schemes. In this

case, IDF presents a higher EE over short distances, whereas the SVD allows communicating

at longer transmission distances.

When evaluating the EE according to the position of the relay node, it was found through

our simulations that the EE is maximized with the relay positioned in the middle between the

source and destination nodes. Moreover, the results pointed out that most of the reconfigura-

bility ends up being at the relay, since it only acts if necessary in the considered IDF protocol,

whereas the switching of the PA and LNA operating modes tends to be more stable at the source

and destination nodes.

Furthermore, we show that the EE is impacted by the number of relays. Therefore, an

optimization of the number of relays is performed in order to maximize the EE. Through this

approach, we found that increasing the number of relays also contributes for reaching longer

transmission distances, which can be interesting for IoT applications. It is worth mentioning

that we use a small number of relay nodes, however, our optimization problem can be easily

extended to a massive network deployment. Finally, we conclude that our approach contributes

significantly towards improving the EE.
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CHAPTER 6

CONCLUSIONS

6.1 Final Comments

Modern IoT networks have an increasing concern towards higher energy efficiency, since

wireless nodes are typically battery-powered. In this thesis, we analyzed the energy efficiency

of reconfigurable circuit designs, showing that RF transceivers based on multimode operation

can significantly improve the energy efficiency in wireless communication systems. In our

framework, we considered state-of-the-art reconfigurable PA and LNA circuits, which are the

blocks responsible for amplifying the RF signal and, thus, are typically power-hungry. Unlike

most works available in the literature, our analysis carefully included real data from circuits

that were previously designed and tested by simulations and measurements. We modeled the

real multimode characteristic of these circuits as look-up tables, which are then handled by our

optimization approach. By doing so, any other practical PA or LNA design can be integrated

into our methodology. The energy efficiency was analyzed in two network scenarios, one con-

sidering non-cooperative MIMO communication and other considering cooperative SISO com-

munication. Therefore, we carried out a joint selection of the best operating modes for the PA

and LNA circuits in these communication scenarios, in order to maximize the energy efficiency.

Our energy optimization approach has proven to be important for energy savings and can be

used for future IoT deployments.

For the first scenario, our results show that by reconfiguring the PA operating modes at the

transmitter jointly with the LNA operating modes at the receiver, an improvement in energy

efficiency is achieved for short-range communications when compared to non-reconfigurable

circuit designs. Numerically, the results show an EE improvement of more than 40% at dis-

tances up to 67 meters. Further, we also considered that the PA operates at different backed-off
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power levels under different spectral efficiency values. Thus, we show that combining spectral

efficiency with reconfigurable circuits, an even more significant gain in energy efficiency can

be achieved for the same scenario under test. In addition, our results also pointed out that AS

is in general more energy efficient than the other schemes in several communication scenar-

ios, whereas SVD achieves longer distances of communication. We also show that the number

of antennas for MIMO schemes contribute differently to energy efficiency. SVD presents an

optimal number of antennas, since the energy efficiency decreases due to the increase of RF

chains. On the other hand, the energy efficiency of the AS always increases with the number of

antennas, although the increase saturates at a certain point. Finally, we conclude that reconfig-

urable RF transceivers are an interesting solution to reduce the energy required to an end-to-end

communication, since the LNA allows to improve the SNR by adjusting its noise figure and,

therefore, a lower level of transmission power at the PA output is required.

For the second scenario, we compare the performance of IDF relaying, performing relay se-

lection, with non-cooperative MIMO schemes. In addition, we model the total energy consump-

tion, including both the forward and feedback transmission power and the power consumption

of RF circuits. Since in short-range distances the energy efficiency is mainly impacted by the

power consumed by the RF circuits, then a better energy efficiency is achieved by schemes

that employ antenna selection techniques at the transmitter and receiver, as it reduces power

consumption. On the other hand, IDF relaying helps to achieve slightly longer transmission

distances compared to antenna selection schemes. In addition, the IDF is more energy-efficient

in short transmissions than SVD beamforming, while longer transmissions are achieved by the

SVD, as it exploits all antennas. We also found that both the position of the relay between the

source and the destination, as well as the number of relays, impact on energy efficiency. That

is, the energy efficiency is maximized with the relay positioned halfway between the source and

destination nodes. Moreover, results show that the most of reconfigurability of the PA and LNA

circuits occurs at the relay, since it acts only if necessary. Whereas at source and destination, the

reconfigurability tends to be more stable. Finally, increasing the number of relays contributes

to achieving longer communication distances, at the cost of energy efficiency.
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6.2 Future Works

Through the results obtained in this research, some perspectives for future works are pre-

sented as follows. Regarding the RF transceiver circuits, new reconfigurable PA and LNA

architectures could be used to optimize the energy efficiency. In addition, as only the RF am-

plification stage circuits were tested in this research, then another possibility to improve the

energy efficiency could also take into account other building blocks, such as the frequency syn-

thesizer, since it also consumes a lot of energy in RF transceivers (SUN et al., 2021). Since

the power consumption of the frequency synthesizer is directly linked to the phase noise (GAO

et al., 2009), then modelling the SNR impact when deteriorating the phase noise, aiming at a

lower power consumption, could be exploited in order to assess the impact on energy efficiency.

In addition, it is worth remembering that the reconfigurable RF amplifiers chosen for this

work were designed for narrowband applications. Therefore, in order to meet different commu-

nication standards, the energy efficiency could also be assessed with wideband RF transceivers

(LIM et al., 2018; ZHU; ZHANG; WANG, 2019). Let us remark that we evaluated the com-

munication channel through the SNR and we resorted to an exhaustive search to solve our op-

timization problem. However, another possible extension could consider other metrics and test

different approaches such as artificial intelligence and machine learning to assist in switching

the operating modes of the RF transceiver circuits. An example of this approach can be found

in the work developed by (BANERJEE et al., 2017).

Regarding the communication scenario, different techniques could be exploited to obtain

more reliable communication and, therefore, reduce the overall system energy consumption

to improve efficiency. In this research we approached MIMO and cooperative communica-

tions separately. However, a suggestion would be to combine them and assess the energy effi-

ciency with reconfigurable RF transceivers. In addition, only Rayleigh fading was considered,

where there is non-line-of-sight between the transmitter and the receiver. However, in mas-

sive networks there may be situations with line-of-sight between nodes, where in this case the

Nakagami-m distribution (SIMON; ALOUINI, 2008) could be employed.
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Furthermore, as an immediate extension of the research work presented in this thesis, we

are considering investigating the performance of a cooperative protocol with a higher code rate

and diversity order, based on network coding. The concept of network coding (LI; YEUNG;

CAI, 2003; KOETTER; MEDARD, 2003) applied into cooperative communications can sig-

nificantly help to increase the efficient use of network resources (NOSRATINIA; HUNTER;

HEDAYAT, 2004; LANEMAN, 2004). For instance, in a network coded cooperation, users are

able to combine their own information and that of their partners, rather than keeping informa-

tion from different users separate in different orthogonal channels. The dynamic network coding

(DNC) scheme proposed by (XIAO; SKOGLUND, 2009) performs linear combinations of all

available information at the relay user. That is, after broadcasting their own information, each

user transmits in the cooperative phase U − 1 non-binary linear combinations of information

over a large enough Galois Field GF(q), which improves the diversity order. In (REBELATTO

et al., 2012), the DNC scheme was extended allowing each user to broadcast several (as op-

posed to just one) messages in the broadcast phase, as well as to transmit several non-binary

linear combinations in the cooperative phase. The Generalized DNC (GDNC) scheme, besides

improving error performance, was shown to be capable of simultaneously achieving both code

rate and diversity order higher than the other schemes. Moreover, a feedback-assisted version

of the GDNC scheme, called FA-GDNC, was proposed in (REBELATTO et al., 2011), aiming

to increase the average code rate without degrading the system error performance. Motivated

by the GDNC gains and the reconfigurable RF transceivers, we intend to combine them in order

to evaluate the energy efficiency.
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2020, Florianópolis. DOI: 10.14209/SBRT.2020.1570648622.

• TARUI, B. Y.; SANTOS, F. G.; SANTOS, E. L.; LEITE, B.; MARIANO, A. A.. Multi-

mode 2.4 GHz CMOS Power Amplifier with Gain and Power Control. XXXIII Simpósio
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