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RESUMO 

 

 

Circuitos comutados com capacitores são largamente empregados 

devido às características e possibilidade de substituir indutores para redução 

da área de silício. Os circuitos N-path ganharam destaque na última década, 

devido as suas características e potencial para substituir transcondutores 

interdigitais ou filtros de onda acústica SAW/BAW. Os filtros N-path aplicados 

nas cadeias de recepção de RF proporcionam o desenvolvimento de circuitos 

como amplificadores de transcondutância de baixo ruído LNTA  e os Mixer-

First. Estas estruturas apesar do possuírem um potencial promissor, requerem 

cuidados ao projetista para que se possa obter o melhor desempenho possível. 

Neste trabalho são apresentadas três principais arquiteturas de receptores de 

RF, aplicações, normas, e simulações de comparação com três esquemas de 

transmissão, visando o melhor desempenho energético. A comparação de 

arquiteturas de receptores é feita com  simulações aplicando algoritmo iterativo 

de alocação de potência e calculando as características dos receptores em 

cadeia da antena até a conversão abaixadora, onde o sinal é entregue a um 

controlador automático de tensão VGA e posteriormente a um conversor 

analógico-digital ADC. A análise de receptores em cadeia, através de três 

arquiteturas diferentes, com três esquemas de transmissão e combinações 

entre eles incluindo variação no número de nós ativos  permite a escolha da 

arquitetura mais adequada conforme o requisito do projeto, frequência de 

operação,  largura de banda, linearidade entre outras características 

desejadas. 

 

Palavras-chave: Receptor RF banda larga; LNA; LNTA; Mixer-First; eficiência 

energética 

 

 

 

 



 
 

 

ABSTRACT 

 

 

 Switched capacitors circuits are widely used due to the characteristics 

and possibility of replacing inductors to reduce the silicon area. N-path circuits 

have gained prominence in the last decade, due to their characteristics and 

potential to replace interdigital transceptors or SAW / BAW acoustic wave filters. 

The N-path filters applied in the RF reception chains provide the development of 

circuits such as LNTA low noise transconductance amplifiers and Mixer-First. 

These structures, despite having a promising potential, require care to the 

designer in order to obtain the best possible performance. This work presents 

three main RF receiver architectures, applications, standards, and comparison 

simulations with three transmission schemes, aiming at the best energy 

performance. The comparison of receiver architectures is done with simulations 

applying an iterative power allocation algorithm and calculating the 

characteristics of the antenna chain receivers until the downward conversion, 

where the signal is delivered to an automatic VGA voltage controller and later to 

an analog converter digital ADC. The analysis of chain receivers, through three 

different architectures, with three transmission scheme and combinations 

among themselves including variation in the number of active nodes allows the 

choice of the most appropriate architecture according to the project 

requirement, frequency of operation, bandwidth, linearity among other desired 

characteristics. 

 

Keywords: Broadband RF receiver; LNA; LNTA; Mixer-First; energy efficiency 
 

 

 

 

 

 

 



 
 

 

 RÉSUMÉ 

 

 Les circuits commutés avec des condensateurs sont largement utilisés 

en raison des caractéristiques et de la possibilité de remplacer les inducteurs 

pour réduire la surface de silicium. Les circuits à N voies ont gagné en 

importance au cours de la dernière décennie, en raison de leurs 

caractéristiques et de leur potentiel à remplacer les transconducteurs 

interdigités ou les filtres à ondes acoustiques SAW / BAW. Les filtres à N 

chemins appliqués dans les chaînes de réception RF permettent le 

développement de circuits tels que les amplificateurs de transconductance à 

faible bruit LNTA et Mixer-First. Ces structures, malgré leur potentiel 

prometteur, nécessitent une attention particulière de la part du concepteur afin 

d'obtenir les meilleures performances possibles. Ce travail présente trois 

principales architectures de récepteurs RF, des applications, des normes et des 

simulations de comparaison avec trois schémas de transmission, visant à la 

meilleure performance énergétique. La comparaison des architectures de 

récepteurs se fait avec des simulations appliquant un algorithme d'allocation de 

puissance itératif et calculant les caractéristiques des récepteurs de la chaîne 

d'antennes jusqu'à la conversion descendante, où le signal est délivré à un 

contrôleur de tension VGA automatique et plus tard à un convertisseur 

analogique. -ADC numérique. L'analyse des récepteurs en chaîne, à travers 

trois architectures différentes, avec trois schémas de transmission et 

combinaisons entre eux incluant la variation du nombre de nœuds actifs permet 

le choix de l'architecture la plus appropriée en fonction de l'exigence du projet, 

de la fréquence de fonctionnement, de la bande passante, linéarité parmi 

d'autres caractéristiques souhaitées. 

 

Mots clés: récepteur RF large bande; LNA; LNTA; Mixer-First; efficacité 

énergétique 
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1  INTRODUCTION 
 

 

 Wireless communications are present in such a way that it is difficult to 

find urban environments in developed countries where people are without 

portable devices such as smartphones connected to communication networks. 

For different types of applications to work simultaneously, devices need to be 

connected to their respective networks, which occurs through various protocols, 

such as Bluetooth, Wi-Fi, GSM, 3G, 4G and 5G. A quick idea about the 

evolution of communication systems is shown in Figure 1. 

 

Figure 1 - Evolution of mobile communications from 1G to 6G. 
Source: [1]. 

 

The evolution of mobile communications is associated with an increasing 

demand for, data rate, bandwidth, multiple platforms and protocols. Recently, 

there has been an increase in what is known as the internet of things, IoT, 

where the possibility of simultaneous connection of more than 75.4 billion 

devices is foreseen. This scenario will produce more than 79.4 zettabytes (ZB) 

of data in 2025[2]. 

 Currently mobile phones have multi-band, multi-standards with different 

radio frequency ranging between 500 MHz and 6 GHz [3]. The increase in 

functionality associated with the reduction of weight, size and cost of these 
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devices has been the objective of many academic researches and in the 

industrial environment. Another intended aspect is to increase the battery life of 

the devices, since a greater number of services in a specific technology will 

require greater energy consumption  [4]. 

 

1.1   Motivation  
 

The growing demand for highly integrated systems leads to innovations 

in receiver architectures with flexible programming of many parameters such as 

operating frequency, gain and modulation type, but the physical antenna 

interface is not yet one of these parameters [5]. 

After the antenna, traditional receivers use a low-noise LNA amplifier to 

provide gain with good linearity. The receiving network is frequency dependent, 

which limits the channel tuning range on high performance receivers. 

The advances in CMOS technology made the transistors smaller, faster 

and allowing passive sampling of mixers operating in the GHz band, with good 

linearity and less energy consumption than traditional mixers. Moore's Law, 

announced by Gordon Moore in 1965, predicted that the number of components 

in a CMOS integrated circuit would double approximately every two years. This 

advance is also noted for its high scalability and increasingly complex systems 

integrated on a single chip. 

 RF radio frequency devices are precise at the interface between signal 

propagation and processing. In order to keep pace with technological changes, 

the structures of transmitters and receivers need to evolve and adapt 

themselves to the present and future scenarios. In this work the focus is on RF 

receivers.  
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Figure 2 - Architecture of a traditional receiver. 
Source:[6]. 

 

  Figure 2 shows the architecture of a traditional receiver, where, after the 

antenna, the signal is filtered, and it is already inserted in an LNA for 

amplification and noise reduction. Then, there is the mixing stage where the 

signals are separated in phase and quadrature through the use of 90º phase 

shifted local oscilators, again, amplified and filtered until the ADC input. From 

there the signal is digitally processed.  

 CMOS manufacturing process is predominantly focused on digital 

circuits. RF and analog circuits culminate in being adapted to current 

technological processes. 

 In traditional receivers, SAW Surface Acoustic Wave or BAW Bulk 

acoustic Wave filters are placed at the RF input, according to the number of 

bands that the receiver is capable of operating.  Figure 3 shows the diagram of 

a commercial LTE transceptor, and the number of SAW filters present in this 

device is highlighted.  
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Figure 3 - Transceptor LTE Fujitsu MB86L12A. 
Source:[7]. 

 
  SAW filters were developed from Edward George Sydney Paige’s 

research. This type of filter works as a converter of electrical energy into 

mechanical (acoustic) energy in a piezoelectric material [8]. These devices are 

input and output transceptors. A BAW filter exploits acoustic waves in different 

materials. In general, SAW filters are used at frequencies up to 3 GHz, while 

BAW are used at higher frequencies. 

 

1.2   Objectives 
 
 

 

1.2.1 General objective 
 

To study the main architectures of modern receivers, for 5G band Sub-6 

GHz systems. 

 

 

1.2.2 Specific objectives 
 

To build a knowledge base on RF reception chains and transmission 

schemes for the most commonly used systems nowadays. 
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 To compare the performance of receiver systems with different 

topologies, and present an analysis methodology for these receivers, in order to 

guide the design of RF device projects. 

 

1.3 Justification 
 
 

The SAW and BAW filters present in mobile devices are transducers of 

electrical signals in acoustics from piezoelectric substrates of materials such as: 

quartz, niobate and lithium tantalate. They present different propagation speeds 

and coupling coefficients for specific central frequency and temperature. 

Despite the advantages in terms of accuracy, these filters are not 

reconfigurable, so a filter is required for each operating frequency of the device. 

This dependence on external components makes the size and production cost 

high for multi-band, multi-standard devices. Another drawback is the  difficult to 

switch frequencies in different standards. 

Researches with N-path filters seek a functional substitute for SAW / 

BAW that is manufactured on silicon wafer. A knowledge base on the most 

used receiver architectures, application of the appropriate topology can make 

the design of RF receiver circuits a less difficult task for the designer, and more 

understandable for the student. 

 

 

 

1.4  Organization of this study 
 

Chapter 2 presents the theoretical background on traditional LNA and the 

state of the art of N-path filters and N-path, LNTA-first and Mixer-first receiver 

architectures. 
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Chapter 3 shows the methodology for analyzing the performance of 

receivers through a probability distribution algorithm for calculating power 

allocation. 

Chapter 4 shows the relationship between circuit and system at the 

receivers and analysis of figure of merit. Energy efficiency and transmission 

schemes are calculated using the algorithm presented in chapter 3. It also 

shows comparisons of energy efficiency between receivers with amplification 

after the antenna. 

Chapter 5 shows relationship between linearity  and noise figure and 

discusses the impacts of interference on the receiver. This chapter also shows 

simulations with different interference scenarios for the architectures and 

transmission schemes discussed in this study. 
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2 THEORETICAL FOUNDATION AND STATE OF THE ART 
 

2.1 Traditional LNA Architecture 
 

LNA is a critical element in modern RF receivers because it drives small 

signals without adding noise. Many devices used nowadays, including a wide 

range of new applications, use LNA.  

In a traditional receiver, the LNA is the first block after the antenna. The 

development of transceivers is driven by various configurations and topologies 

of LNA such as resistive termination, shunt-feedback, gate input, structures for 

noise cancellation and impedance matching [9] as shown in Figure 4. 

 

Figure 4 - Matching networking and equivalent model. 
Source [9]. 

 

Low-noise amplifiers have been developed without the use of inductors, 

with low consumption as in [10]  where the frequency range varies from 0.1 to 

2.2 GHz and the circuit consumption is 0.4mW. 
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2.2 N-path filters. 
 

In 1948, Busignies and Dishal’s work proposed an arrangement with a 

certain number of rotating capacitors at a rate of f revolutions per second. Each 

capacitor was charged at the input and half a cycle then discharged at the 

output. The transfer function revealed a bandpass filter with peaks in the 

harmonics of f [11] as shown in Figure 5. 

 

Figure 5 - a) Electromechanical system from 1948 b) Transfer function. 
Source:[11]. 

 
In 1953, Le Page et al presented an electromechanical system with 

frequency translation through switches connected alternately to capacitors [12] 

shown in Figure 6. In the same year, Smith presented the use of keys to 

alternately connect each capacitor. The idea was that the response of a 1st 

order low-pass filter could be transferred in frequency to another central 

frequency fr if the capacitor is replaced in the arrangement of N capacitors 

connected to the output notde at the time of the fr rate. Smith also said that the 

result with -3dB bandwidth is the response of a 1/(πNRsC), where Rs is the 

source resistance [13] as shown in Figure 7.  
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Figure 6 - a) Filter with capacitors  b) Sinusoid approximated by step fuction. 
Source:[12]. 

 

 

Figure 7 - Smith filters. a) Bandpass b) Notch c) Capacitive Notch. 
Source:[13]. 

 

In 1960, Franks and Sandberg proposed a general model with N paths. 

In each path, the signals undergo a downconversion, obey a transfer function 

and are mixed with the phases of the local oscillator, until the central frequency 

aspect is resumed, as shown in  Figure 8. Following the convolution theorem, 

the authors define that if the multiplication in the time domain corresponds to 

the convolution in the frequency domain, then the output is the sum of the N 
input functions. In this way, the term N-path filters [14] was created. 
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Figure 8 - General model of the translational circuit by Franks and Sandberg. 
Source: Adapted [14]. 

 

Applications such as software-defined radio, flexibility in RF tuning, 

channel selection with a high quality factor, high linearity are necessary 

requirements. The use of circuits with switched capacitors presents itself as a 

possible solution to these issues, notch filters, systems translated to low 

frequencies are concepts and solutions with different names, but generally 

associated with N-path[15] filters. 

The analysis and simulation of modulated bandpass systems can be 

simplified using its low-pass equivalent [16]. 

 Switched circuits translate the impedance to a defined central frequency. 

Consider R and C the resistance and capacitance of the switch respectively. If 

the RC >> TLO product, selectivity is improved. The resistance of the switch 

has a relation in the transfer function, where │fIN-fLO│ values are limited by 

(Rsw / Rs + Rsw) [17] according to Figure 9. 

Accumulation of charges also occurs in the highest harmonics, thus: 

 A RF filter with high Q; 
 Accurate and well-defined central frequency response; 
 Center frequency programming flexibility. 
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Figure 9 - Effect of switch resistance on transfer function. 
Source:[17]. 

 

 In an N-path filter, the bandwidth and central frequency are 

programmable digitally depending on the clock. The bandwidth is inversely 

proportional to the total capacitance. The RF band is the same as a real low-

pass filter pole with altered frequency [17].  

The quality factor Q, 

 

 
 

(2.1) 

       

Where: Q = quality factor; 

 fs = switching frequency; 

 f3dB = BW bandwidth . 

Q can be close to SAW filter values, if there is sufficient capacitance. 

 Continuous time N-path RC filters have good frequency selectivity, but 

with slow accommodation. Two regions can be defined for a simple RC circuit 

with ON  Ton: The Sampling region when Ton >> 2RC and the mixing region 

when Ton << 2RC, as shown in Figure 10. 
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Figure 10 - NF contours for a downconversion mixer. 
Source:[18]. 

 
 The region with the lowest NF is the mixing region, for large RCs due to 

less noise. In an N-path filter where the RC time constant is much longer than 

the switching period, the capacitors are charged with the average voltage of the 

source in this period. For different frequencies, the capacitors “see” the 

difference of each sine period, whose average is zero. Thus, signals close to 

the switching frequency are passed to the output, and distant signals such as 

1.5fs are rejected [15]. 

 
 The filter output signal has a ladder shape, which approximates the input 

sine wave. The output features, in addition to the fundamental, high-order 

harmonics. These N-path filters can be modeled as RLC circuits, this allows a 

mathematical analysis with known elements. The equivalent RLC model serves 

to validate frequencies close to the switching frequency, but this model does not 

present harmonic responses. It can be useful as a first approximation for N-path 

and notch filters. 
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Figure 11 - 4-path filter b) Transfer function and RLC equivalent. 
Source: [18]. 

  

As Figure 11 shows in b) the magnitude in dB as a function of the 

frequency in GHz, that is, the transfer function, the continuous line is the 

response of the RLC model, and the line traces the response of the N-path 

filter. 

 

 An equivalent model of an N-path circuit can be used for analysis and 

synthesis of circuits with switched capacitors, as demonstrated in  [19], shown 

in Figure 12. 

 
Figure 12 – a) 8-path circuit b) RLC equivalent. 

Source:[19]. 
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 The estimated BW bandwidth of the filter is: 

  (2.2) 

 

Where: N = number of filter paths (path); R = Switching resistance (Ω) and 

C = Capacitance (F). 

 

An N-path filter applied directly to the antenna has a bandpass signal that 

flows through the capacitors to the ground. The limitation of the impedance 

ratio, in this case, is given by the resistance of the switch. The filter can be 

modeled as a resistive divider, a switch between 5 and 50Ω limits the rejection 

of the filter. 

 

Figure 13 - Rsw effects and Duty cycle on the 4-path filter. 
Source:[15]. 

 
  Figure 13 shows the effects of the resistance of the switch Rsw, and of 

the duty cycle D on the transfer function of a 4-path filter. The best condition is 

when D=20% and Rsw=0Ω. 

 Another way of applying N-path filters is through the notch response. The 

result of this type is opposite to the bandpass filter that was mentioned, that is, 

the combination of the resistors of the source and the load act as high 

impedance for the switching frequency, and low impedance for the other 
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frequencies. The result of a differential structure is the cancellation of even 

harmonics. The passage range is greater when compared to the single-ended 

version. These filters can achieve a high quality factor Q, and their central 

frequency is controlled by the central frequency of the mixer clock [20]. 

  

 
Figure 14 - Representations of N-path and Notch filters. 

Fonte:[20]. 
 

  Figure 14 presents: a) high pass filter that represents a notch on the 

local oscillator ; b) single-ended N-path notch filter ; c) N-path filter clock ; d) 
simplified N-path filter ; e) differential N-path filter. 

  Figure 15 presents  results of N-path notch filter, with 8 phases, 

capacitor employed C=7pF, resistances Rs and RL = 50Ω. 

 
Figure 15 - Notch filter responses. 

Source:[20]. 
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Another limitation of N-path filters is the rounded shape associated with 

the actual poles. One way to improve this form is to use two filters with slightly 

shifted center frequencies. As direct coupling is not possible, the solution 

presented by the designers is the use of gyrators, thus allowing fully passive 

and highly linear filters [18], as shown in Figure 16. 

 

Figure 16 - Coupling with gyrators improves the filter response. 
Source:[18]. 

 

  

As already seen in equation 2.2, an N-path filter has the bandwidth 

inversely proportional to the NRC product. The bandwidth of GSM, for example, 

is 200 kHz. If the filter operation occurs at 50Ω, the total capacitance required 

for this bandwidth is 32nF. The resistance of the switch must be much lower 

than the resistance of the input (antenna), for noise reduction and good filter 

attenuation. However, low switch resistance requires large transistors with large 

gate capacitance and greater dynamic energy consumption [18]. 

 A methodology for designing N-path filters with adjustable bandwidth, 

format and frequencies was proposed in [21].  
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Figure 17 - Integrated N-path bandpass filter. 
Source:[21]. 

 

In Figure 17, there is in: a) resonator bandpass filter coupled with 3 

poles; in  b) bandpass filter N-path; is in c) bandpass filter with the first stage 

decoupled, using a simple gmcell. The configuration shown in the figure c) 
proved to be advantageous for the gain in relation to b). The rounded shape of 

the filter continued with the improvement of the rotator placed between the 

second and third stages of the filter [21]. 
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Figure 18 - Distortion in BPF response by removing the feedback gm1. 
Source [21]. 

 

 In Figure 18 (a) Magnitude response of regular and decoupled BPF. (b) 

Correspondig Group Delay. This figure shows the result of the integrated n-path 

bandpass filter with the better gain and delay result than regular due to the gm-

cell being removed. 
 

 

2.3  LNTA-First Architecture 
 

 Low noise transconductance amplifiers are designed to increase the 

impedance level by combining an N-path filter with an LNA or LNTA. Also 

known as LNTA-first, these amplifiers can be modeled as Gm transconductance 

with output resistance placed before the N-path filter, so the output resistance 

Ro defines the resistance R seen by the N-path filter with switched capacitors. 

The resistance of the LNTA can be much greater than 50Ω, for instance, a 10 

times greater resistance makes the capacitance to be 10 times smaller for the 

same bandwidth, resistance of the switch 10 times greater and dynamic energy 

consumption 10 times less. 
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 Another motivation for using the LNTA-first is that the filtering allows low 

noise figures. The LNTA acts as a V-I converter (with a small excursion of 

output voltage), and, in general, improves linearity and compression, despite 

presenting a worse performance regarding these aspects than the mixer-first 

[18]. 

 Another structure that has been applied is known as "boosted gain" or 

"Miller bandpass filter". It is a N-path filter notch placed in the feedback of an 

LNA, resumed in a transconductance and a load resistance. This topology has 

the following advantages: 

 Due to the Miller effect, feedback capacitors see (Av + 1) times the 

voltage more than the input voltage, that is, less capacitance is 

needed. 

 For the same N-path filter, attenuation and noise can be increased by 

a factor (Av + 1), reducing the size of the switch and saving energy 

when switching transistors [22]. 

The LNTA input is divided into two parts. The first one common-gate CG 

part and the second CS common-source  both programmable in classes AB and 

C, thus the noise cancellation is applied before the mixer[23] as shown in Figure 

19. 

 

Figure 19 - Block diagram of a field programmable receiver. 
Source: [23]. 

 

Another option for noise cancellation is an auxiliary path that starts after 

the LNA, passes through a mixer and is reinserted at the outlet of the main 
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mixer. The outputs are placed at the input of the baseband amplifier [24], as can 

be seen in Figure 20. 

 

Figure 20 - Noise cancellation by aux. path broadband receiver. 
Source: [24]. 

 

The circuit with LNTA architecture presented in [25] consists of a front 

end receiver using 28nm FDSOI technology, for the coexistence of Bluetooth 

and LTE communication standards. The mixer is placed after the low noise 

transimpedance amplifier. The control over the polarization current of the LNTA 

transistors allows different calibrations of IIP2 as shown in Figure 21. 

 
Figure 21 - a) Receiver architecture b) LNTA biasing scheme. 

Source:[25]. 
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2.3 Mixer-First Architecture 
 

A passive mixer has the same basic functions of an active mixer as the 

classic Gilbert cells. However, it also has some properties such as 

bidirectionality and transparency. The passive mixer simultaneously converts 

the signals from the RF port to baseband and from baseband to RF port. This is 

because the switches act as resistors. Resistive behavior, absence of gain 

associated with noise were seen as weaknesses of passive mixers. However, 

bidirectionality and transparency are the most interesting features [26]. What 

has drawn attention to passive mixer in the last years. 

As already mentioned, a fundamental feature of a mixer-first or passive 

mixer is transparency. This property allows to provide a complex baseband 

impedance relation for the antenna and vice versa, this bidirectionality makes 

the noise dependent on the antenna and intermediate frequency IF interfaces. A 

mixer-first has some motivations such as: Energy saving, dynamic range free 

from spurious SFDR, good input third order intercept pont IIP3, complex 

relations and compensation of parasites at the input. 

 

 

Figure 22 - 4-path model b) Clock LO c) Equivalent with Rsw. 
Source: [27]. 

 
 In Figure 22 shows the model of a passive mixer with 4 phases (a), the 

waveforms of the local oscillator LO in  (b) and an equivalent model in (c)  with 

the switch resistance Rsw included the resistance of the antenna Ra. 

 The passive mixer shown in Figure 22 contains 4 switches which are 

activated successively with a duty cycle of 25% without overlap. The RF voltage 
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is sampled and charges the capacitors through the RB resistors. The phase 

division of the mixer produces baseband signals in phase I (0º and 180º) and in 

quadrature Q (90º and 270º) [5].  

 As long as the clock phases are not overlapping, the switch resistance is 

the switching On resistance of the Mosfet, during the active period. Since only 1 

transistor is switched at a time, the resistance of the Rsw switch is considered 

the resistance of a single transistor as in Figure 22 (c). 

 The actual component of the antenna impedance can be treated as: 

 

  (2.3) 

 

Where: Ra’ = real part of the antenna impedance; Rsw = switch 

resistance; Ra = difference between Ra’ and Rsw. 

 

 In Figure 22 (c) there is the Vx node between Rsw and the switches. 

These baseband port switches are combined in a parallel branch between the 

capacitors CL and the resistors RB, which are the input resistors of the 

amplifier. If the time constants RB*CL and Ra’*CL are greater than the TLO 

period, we can approximate these capacitors keeping their voltage constant in a 

given LO cycle. Band signals are approximated by the fundamental frequency 

wLO=2 /TLO, varying in phase φ(t) and amplitude A(t), which capture the 

modulation and frequency of the received signal. If the amplitude and phase 

change slowly in relation to TLO, they can be approximated by a constant over 

a given LO period, and we have the input voltage: 

 

 ). (2.4) 

 

 The amount of charge and its relationship to the voltage on the CL 

capacitor, the period of the local TLO oscillator and the baseband resistor are 

given by: 

  (2.5) 
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Where: Qm = Amount of charge;  Vc = Capacitor voltage (V); TLO = Local 

oscillator period (s) and RB = Baseband resistance (Ω). 

 

 
 

(2.6) 

 

 
 

(2.7) 

 

 Due to the property of transparency, passive mixers allow current flow in 

both directions, IF and RF directions. Thus, the re-irradiation current is 

generated by the difference in voltage levels maintained in the mixer filter 

capacitors and at the antenna input. In this way the virtual voltage Vx of Figure 

22 (c) is always short-circuited to one of the capacitors, which describes the 

waveform in steps as in Figure 23 [27]. 

 
Figure 23 - Voltage waveform on the capacitors seen from point Vx. 

Source: [27]. 
 

 The current flow from the antenna to the receiver is given by: 

 
 

(2.8) 

 

 In a condition of almost zero IF, that is,  wRF≈wLO, the term Vx is now 

described as: 
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  (2.9) 

 

 Following this equation, the current flow is given by the ratio of the 

Vxfund(t) voltage to the antenna impedance as follows : 

 
 

 

(2.10) 

 

Figure 24 - Equivalent 4-path passive mixer circuit. 
Source: [5]. 

 
 The circuit, whose equivalent model is shown in Figure 24, is a linear 

time-varying LPTV system, and the switching effect under RB produces a term 

known as factor ϒ and a shunt resistance that represents energy loss due to up 

-Conversion of LO harmonics through the switches to the antenna. The 

expression of this current is given by: 

 

 
(2.11) 

 

 

 

  (2.12) 

 

 

  

 
 

(2.13) 

 

 The resistance seen by the antenna is given by: 
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 Rsh (2.14) 

   

 The baseband resistance can be used to modify the input resistance 

seen by the antenna. The range is limited by the properties of the mixer: 

    (2.15) 

 

 Equation 2.14 imposes that the condition Rin = Ra is possible as long as 

the relations Rsw <Ra, and Rsh> Ra - Rsw are satisfied. The impedance of the 

Ra antenna is considered to be real and constant, and Rsh> Ra ’, the choice of 

RB is given by: 

 

 
(2.16) 

 

 

 Regarding noise, it can be reduced if the resistance of the switch is 

small. This reduction contributes to decrease the shunt impedance of this 

equivalent model Zsh. Considering equation 2.13, Rsh = 4.3 Ra’, the noise 

figure is defined by: 

 
 

(2.17) 

 

 A passive mixer with 8 phases provides greater shunt impedance. In an 

equivalent model, as discussed in a 4-phase arrangement, with 8 phases, half 

of the harmonics are odd and the ϒ factor becomes: 

 

 )   0.1187 (2.18) 

 

 The new shunt resistance will be given by: 

 



26 
 

 
 

(2.19) 

 

 

 

 Thus the Rsh in the 8-phase mixer is almost 5 times higher than the 4-

phase mixer. 

 Equation 2.13 can be rewritten to define the input impedance that is 

given by: 

 Zsh (2.20) 

 

 Equation 2.19 can also be rewritten to define the shunt impedance, which 
becomes: 

 ) (2.21) 

 

 

 An example where Rsw=15Ω, Za’=50Ω, there is Zsh = 1.224kΩ. 

 The relationship between the baseband resistance when a baseband 

amplifier is connected to the mixer is, then, given by: 

 

 

(2.22) 

 

 

Figure 25 - Noise sources of equivalent receiver model. 
Source: [5]. 

 
 Figure 25 shows the mixer equivalent noise model. This noise is 

translated into the baseband (downconverted) and can be represented as 

current noise which passes through the RF port in each harmonic with: 
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(2.23) 

 

 The sum of the noise currents present in the RF port harmonics are 

equal to the noise contributions generated by Rsh if it was a real resistor. Then 

it is possible to use the equivalent model to find the noise of the receiver: 

 

 

 

(2.24) 

 

 

 

 The second term refers to the noise contribution of Rsw, the third term 

represents the noise contribution of Rsh. The fourth term means the noise 

contribution of the feedback resistor of the RFR baseband amplifier, while the 

fifth term is the noise contribution of the amplifier [26]. 

 Mixers formed with complementary NMOS and PMOS switches in 

parallel have better linearity results, however due to the complexity of using this 

type of switch, many jobs are performed only with NMOS switches. Another 

relevant point is that passive mixing leads to low spurious conversion into 

harmonic frequencies. The use of differential baseband amplifiers can be useful 

in canceling even harmonics. In passive mixer-first receivers, harmonic 

cancellation is a challenge [28]. 

 This chapter introduces 3 RF receiver architectures. LNA widely applied 

to receivers is usually the first element in the reception chain after the antenna. 

The other architectures are based on arrays with switched capacitors, also 

called N-path filters. These filters can have an equivalent RLC type model and 

can be applied as N-path and Notch filters. Filters can have single or differential 

terminations. Coupling of Gyrators improves the filter response. The LNTA 

architecture uses N-path filters in parallel with a low-noise amplifier, it can also 

use feedback paths for noise cancellation. In the Mixer-First architecture, the 

first element in the chain is the passive mixer based on N-path filters. Because 
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it is passive, it has the need for an adequate impedance matching in connection 

with the baseband amplifier. Energy consumption is noted on the local 

oscillator. It has a bidirectionality characteristic between the antenna and the 

base band which can present harmful harmonics due to leakage. 
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3 METHODOLOGY 
 

 The objective of this chapter is to present a method of dimensioning RF 

receiver systems, considering a distribution of noise, distortions and gain, aimed 

at lower energy consumption.  

 

3.1 Sensitivity and noise figure 
 

 Receiver sensitivity is the lowest signal strength received at the antenna, 

for which the signal can be decoded correctly and can be calculated (in dBm) 

as: 

  (3.1) 

 

Where: N0 = kT = spectral density of thermal noise power in W / Hz; 

           k = Boltzmann constant = 1,38064852 x 10-23 J/K; 

 T = Temperature in Kelvin = 290 k; 

           B = bandwidth of the modulated signal in Hz; 

  = Minimum signal-to-noise ratio required for correct decoding; 

  = Cascading noise figure from receiver. 

 The noise figure given by the Friis formula is: 

 

 
 

      (3.2) 

 

The noise figure is approximately the noise influence of the first block: 

  (3.3) 
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3.2 Probability Distributions in Channel Model  
 

 Empirical, deterministic and probabilistic models are used to characterize 

communication channels. Empirical models are simpler and applicable in 

specific environments. Deterministic models have more improved mathematical 

formulation and a wider range of applications, and probabilistic models have a 

high degree of precision due to the use of probability distributions. We are going 

to deal here with two distributions that are applied in the simulations of this 

work, the Rayleigh distribution and the Nakagami-m distribution. 

 The Rayleigh distribution, named after Sir John William Strutt, Duke of 

Rayleigh, a physics nobleman in 1904 for investigating gases that led to the 

discovery of argon. In this distribution, the signal can be expressed in phase 

and quadrature components. This distribution can also be a particular case of 

many others such as: Rice, Weibull and Nakagami-m. The the Rayleigh 

probability density function is shown in the equation 3.4. 
 

 
(3.4) 

 

 The Nakagami-m distribution, presented in 1943 by Minoru Nagakami, is 

applicable in environments without line of sight formed by the combination of 

clusters where the components have similar delays and phases. The variables 

are mutually independent Gaussian processes with zero mean. The parameter 

m is the Nakagami fading factor [29]. 
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Figure 26  - Probability density function of the Nakagami-m function. 

Source: The author. 
 

 As the statistical definitions and the Figure 26 show the Rayleigh 

distribution is a particular case of the Nakagami-m distribution, for this reason 

the Nakagami-m distribution is going to be used in this work. 

 

 
3.3 Power allocation  
 

 

An allocation method using an iterative distributed power algorithm was 

presented in [30]. From a communication network where the total number of 

active transmitters  nt is less than or equal to the total number of transmitters in 

the network and likewise the total number of active receivers nr  is less than or 

equal to the number of receivers in the network the total power of the system is 

given by : 

 

 
 

 (3.5) 

 

 Where: (sch) corresponds to the transmission scheme  
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   = power amplifier consumption (PA); 

   = Transmitter output power ; 

  η = drain efficiency; 

   = consumption of other transmitter blocks; 

   = consumption of the first block of the receiver; 

   = consumption of other receiver blocks. 

The channel is modeled as : 

 

 (3.6) 

 

Where:  = vector of the received signal with Nr x 1 dimensions; 

   = link budget relation; 

   = channel fading matrix; 

   = transmitted symbol energy vector; 

   = additive white gaussian noise vector (AWGN). 

The channel fade matrix  of NrNt size, with elements hij ϵ H, Ɐi, j 

independent and identically distributed random variables, with envelopes in an 

Nakagami-m distribution. The variation of  = N0/2 by dimension. 

 

The link budget is given by: 

 
(3.7) 

 Where:  = Products from the transmission and reception antennas ; 

   = wavelength, being c = 3 x 108m (speed of light); 

   = distance between communication nodes; 

  α = propagation loss exponent; 

  Ml = link margin. 

 

The instantaneous SNR signal-to-noise ratio at the receiver is: 

 (3.8) 
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 Where ||.||F  is the Frobenius norm and the average SNR on each 
receiving antenna in relation to each transmitting antenna is provided by: 

 
 

(3.9) 

 

Pr = k Pout/nt = received power. 

 

A communication failure occurs when the received SNR is below the 

minimum limit for correct decoding. The outage probability is defined as: 

 

(3.10) 

 

 Where m = fading parameter of Nakagami-m; 

   lower incomplete gamma function; 

   = full range gamma function; 

 

 Considering that the system operates with a certain outage probability at 

the destination, this probability is used to find the minimum power required for 

each transmission scheme as in [31]. The transmitted power must be adjusted 

according to: 

 

 (3.11) 

 
 Where:  (.,.) = inverse gamma function, dependent on communication 

distance and receiver architecture; 

  = represents the power used in receiver architectures. 

 The AS Antenna Selection scheme applies only one active antenna to 

the transmitter and one to the receiver in such a way that the best receiving 
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notch is selected to ensure that the largest SNR is received, while the best 

transmitting antenna is chosen through a return channel. The probability of 

interrupting in this scheme is given by: 

 

 

 

(3.12) 

The transmission power is given by: 

 

 
(3.13) 

 

 In the single value decomposition SVD scheme, all antennas are used at 

the same time. This increases the reliability of communication, but also 

increases energy consumption. The capacity of the feedback channel must be 

greater than in the AS scheme. The probability of interruption is: 

 

 

(3.14) 

 

 Where: ρo = n (2R/n -1) and n = min{Nt,Nr}. The power transmitted in this 
scheme is: 

 
(3.15) 

 

Energy efficiency in bit / J / Hz is defined as: 

 

 
 

 

 

                     (3.16)
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Algorithm - maximum energy efficiency in each transmission scheme 
[Siso, AS, SVD]. 
Input: d, *,λ 
  1: ... 
 2:   for 1:last receiver 
 3: compute Prx 
 4:     compute k 
 5:         compute Ps 
 6:                if (sch) > * 
 7:                    η(sch) ←0  
 8:                    else 
 9:                     compute η(sch) 
 10:              end if 
 11:  end for 
 12: ... 
Output: η(sch) 
 
 
3.4 Linearity 
  
 Linearity is a desired feature in RF analog circuits. In the receiver, a 

sequence of harmonics appears as a result of the nonlinear transfer functions, 

which is modeled by a polynomial of order “m”: 

 
 

(3.17) 

 An unwanted effect occurs when a harmonic resulting from the 

intermodulation product between two interferers falls in the band of interest. In 

this case, the third order intercept point referred to the input is defined as the 

IM3 input blocking level, equal to the input (intn) multiplied by the linear gain α1.  

Figure 27 shows the intermodulation problem and IIP3 [32]. 
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Figure 27 - Intermodulation and IIP3. 
Source: [32]. 

 
 Consider that a block under analysis is an amplifier. Due to the real 

conditions that differ from the ideal, the transfer characteristic of this block will 

go into saturation with the increase of the gain. The point where the output gain 

drops 1 dB in relation to the ideal gain is the 1 dB compression point, which 

reveals the desensitization of the receiver  [33]. 

 
Figure 28 - 1 dB compression point. 

Source: Adapted from [34]. 
 

3.4.1 Selectivity and out-of-band blockers  
 

 The ability to correctly demodulate a signal in the presence of 

interference in the band at a given distance from the signal of interest depends 

on the channel selection, and in-band image rejection.  

 Blockers are strong signals that can saturate the gain of a given receiver. 

Due to the non-linearity of the transfer function, it can be observed that the gain 
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of the signal of interest is attenuated or completely blocked by the saturation of 

the receiver. Out-of-band blockers are usually rejected by front-end RF filters. 

 

3.4.2 In-band interference  
 

 Interference within the band can impact the receiver in 3 ways: 

 Spectrum fold level: occurs in the mixer (image fold) and in the 

sampler (aliasing). Depending on the frequency plane, an interference in the 

band that is spaced Δf from the signal of interest, falls within the band of interest 

through the fold in the spectrum. 

 ADC resolution. The ADC is specified in terms of SNRADC which is 

the ratio between the full scale ADC and a generated noise quantization 

(resolution dependency, number of bits). The full-scale case is not represented 

by the signal of interest, but by the interfering signal. The ADC is scaled by the 

difference between the level of the signal of interest and the level of the 

interfering signal, in the respective SNR. 

 Reciprocal intermodulation from phase noise: in the mixing or 

sampling process, the local oscillator does not produce signals with pure 

harmonics. LO sources of noise and jitter leave phase noise, the spectral power 

density of the local oscillator in the downward conversion interferes in the 

neighborhoods (adjacent channel and alternative channel) within the band of 

interest. 

 

In this chapter, the use of a power allocation algorithm for 3 transmission 

schemes was presented, where for each scheme, interruption probability 

equations and the minimum power required for the link operation are shown. 

The Rayleigh and Nakagami-m distributions were commented, with Nakagami-

m being adopted in the algorithm because it is a general case of application, 

and Rayleigh its particular case (when m = 1). At the end, concepts of linearity, 

selectivity and interference are presented, which are going to be used later. 
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4        CIRCUIT-SYSTEM RELATIONSHIPS  
 

 The growing demand for RF transceivers with increasing capacities for 

transmission rate, bandwidth, multiple operating frequencies, antenna adequacy 

and application, associated with the need for high integration with wireless 

communication standards form a skill set that a student or researcher need to 

apply. Propagation spectrum and its regulations, modulation techniques, 

transmitter and receiver architectures have led to the creation of undergraduate 

disciplines which address integrated wireless communication systems that go 

beyond the semiconductor and cover circuits and systems  [35]. 

 The objective is to prepare future engineers for the demands of high 

integration and complex systems such as the adoption and popularization of 

fifth generation 5G networks, where receivers have become more complex. In 

addition to previous generations, there is a need to add new services such as: 

massive machine type communication mMTC, applicable in the massive use of 

sensors and actuators, extreme mobile broadband xMBB, applicable in 

environments of high urban density with available connectivity and ultra-reliable 

communications applicable for safety and efficiency systems in vehicle traffic 

[36]. 

 Friss' Law establishes that the configuration of the first blocks of the 

reception chain has relevance in limiting the noise figure. The gain in the first 

stage helps to reduce the added noise by the subsequent blocks [37]. 

 Despite some variations, in general the reception chain has a traditional 

architecture, where a structure consisting of a bandpass RF filter is used, 

followed by an LNA and a mixer. This system is applied for downward 

conversion of the signal [38]. 

 The demand for integration has lead to innovations in receiver 

architectures making them flexible and programmable. In this context switched-

capacitors circuits have integrated characteristics such as tunable and precise 

central frequency, high selectivity and linearity bandpass filter and high dynamic 

range [39]. 

 Among the receiver structures, this work focuses on the LNA which has 

diverse applications in circuits and front-end devices, RF receivers of various 

standards. Circuits with switched capacitors type LNTA, whose applications are 
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in 3G and 4G receivers. And the Mixer-First, are also structures with switched 

capacitors, however passive, and can be applied in Bluetooth systems [9] and 

TV receivers [40]. 

 
Figure 29 - RF LNA, Mixer-First and LNTA Receiver Architectures. 

Source: The author. 
  

 Receivers with switched capacitors LNTA-first and Mixer-first use N-path 

filters. The main difference between LNTA and Mixer-fist is at the time of 

mixing. At LNTA, mixing occurs in parallel with amplification, and at Mixer-First, 

the first step after the antenna is mixing, which in this case is passive. 

 In this work, we propose an analysis of receiver circuits through 

algorithms written in Matlab® which allow us to evaluate a set of characteristics 

of the receivers under study. The methodology consists of identifying the type of 

structure of the RF receivers used in the state of the art, and an architecture 

classification suitable for certain applications, which in fact can save the 

designer time, and optimize any routines in the circuit design process electronic 

RF reception chain devices 

 

4.1     Figure of Merit – FOM 
 

 A receiver has requirements such as power consumption, battery life, 

durability of the device, energy efficiency and spectral efficiency. These points 

are central of discussion in the RF design phase, and the design of circuits and 

systems. Comparing the performance of different architectures involves metrics 

such as the figure of merit, containing the relationship among bandwidth, gain, 

linearity, energy consumption and area, which is given by: 
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   (4.1) 

 

Where: 

FOM is the figure of merit, BW is the bandwidth in GHz, Gvlin is the linear 

voltage gain, IIP3 is the linearity in mW, PDC the power consumption in mW, F 

is the noise factor and A is area in mm2. 

 Another equation for performance evaluation is presented in: 

 

 

  

(4.2) 

 

Equation 4.2 contains the term FBW which is the ratio between the fmaximum - 

fminimum divided by the ratio (fmax + fmin)/2, multiplied by 100. The power and  

area do not enter this calculation. Equations 4.1 and 4.2 were applied to verify 

the performance of the receivers, where consumption is one of the points of 

interest [41], there is Table 1. 
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Table 1 - RF receivers comparison. 

 

range (GHz) Gain   
IIP3 

(dBm) Power  NF  Area BW  FOM FOM II Ord 

  (GHz) (dB)  (dBm)  (mW)  (dB)  (mm2)  (GHz)       
[5] 0.10-2.4 70 25 70 5 2.5 0.0001-0.01 138.35 112.65 1 

[58] 2.1-2.8 43.4 16 4.32 7.5 0.4 0.01-0.02 100.75 76.67 2 
[21] 0.2-1.2 16 25 48 4 1.1 0.0002-0.04 92.63 58.55 3 
[82] 1.0 - 6.0 7 -3.5 8.4 4 0.014 1.0 - 6.0 75.98 15.19 4 
[39] 0.4 - 3.5 35 20.5 75 2.6 0.023 0.015-0.05 118.87 74.91 5 
[57] 0.7 - 3.8 42 1 41.88 3.2 0.15 0.01-0.02 69.30 61.19 6 
[83] 0.4 - 6.0 11.5 36 209 4.9 0.28 0.001-0.015 56.17 65.03 7 
[84] 0.1 - 2.0 16 44 96 6.3 0.49 0.001-0.013 77.10 76.28 8 
[85] 0.2 - 8.0 21 39 284 5.4 0.8 0.001-0.02 65.03 77.39 9 
[86] 2.4 - 2.5 20 -12 1.32 4 0.007 0.1 - 2.7 101.40 10.11 10 
[87] 0.7 - 2.7 36.6 1 41.88 5.6 0.5 0.001-0.015 43.30 52.71 11 
[10] 0.1 - 2.2 12.3 -11.5 0.4 6 0.0052 0.1-2.2 92.20 17.42 12 
[25] 2.4 - 2.5 26.7 -23 4.4 8.4 0.12 0.002-0.016 0.43 1.41 13 
[88] 0.2 - 2.0 13 33.3 179 7.6 0.48 0.0004-0.018 23.30 60.84 14 
[50] 0.1 - 2.0 17.5 14.3 21.3 3.5 0.63 0.1 - 2 84.76 50.88 15 
[54] 0.05 - 2.0 38 10 24 5.1 0.82 0.0035-0.02 67.48 65.69 16 
[89] 2.3 - 4.4 15 -10 2.6 3.7 0.74 2.3 - 4.4 48.19 19.27 17 
[51] 2.3 - 2.5 17.4 -10.7 0.475 2.8 0.42 0.5 - 5 81.33 13.11 18 
[72] 0.7 - 3.8 40 26 75 4.5 0.23 0.006-0.02 104.99 82.89 19 
[90] 0.1 - 1.5 38 13 11 2.9 0.028 0.001-0.002 92.68 70.53 20 
[91] 0.6 - 1.3 14 25 0.6 6 0.23 0.001-0.016 89.24 51.67 21 
[92] 1.8 - 2.4 14.5 -5 2 8.7 1.44 0.001-0.2 19.65 15.36 22 
[93] 2.7 - 2.9 10 0 42 4 0.9 2.7 - 2.9 10.88 14.54 23 
[41] 0.45 - 6.0 16.8 -16 0.3 7.3 0.0015 0.46 - 6 110.60 15.86 24 

 

 Colors according to architecture 

  Mixer - First 
  LNTA 
  LNA 
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 The calculation of the figure of merit, despite being widely applied in 

research, proved to be insufficient as a performance metric in this study. Since 

Mixer-First architectures that have the highest linearity, present a greater figure 

of merit, already architectures such as LNTA or LNA where linearity is smaller, 

they have the corresponding smaller FOM, which does not present the 

performance information sought. In the FOM 2 equation, where power and area 

are not considered, the results take into account linearity and other relevant 

parameters but do not yet represent the desired performance relationship.  

The following figures show the frequency, area, bandwidth, power and 

linearity relationships of the receivers listed in Table 1. 
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Figure 30 - Frequency versus Bandwidth. 

Source: The author. 
 

Figure 30 shows bandwidth as a function of frequency parts 1 and 2. It 

was divided into two parts because the circuits (LNTA and Mixer-First) analyzed 

are intended for narrowband applications <60 MHz, whereas LNAs operate with 

broadband reaching up to 6 GHz. 
 
 

 
 

Figure 31 - Power versus Area. 
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Source: The author. 
 
 In Figure 31 the trend of the receivers that is denoted is a power 

consumption of less than 100 mW, with an area of less than 1mm2, regardless 

of the architecture and manufacturing technology employed. 

 
Figure 32 - Power versus Linearity. 

Source: The author. 
 

 Figure 32 shows that receivers with Mixer-First architecture are more 

linear, however they consume more energy, which suggests that the cost of 

linearity is the highest energy consumption. 

 

 
4.2     Energy-efficiency 
 

Energy-efficiency is crucial for modern radio-frequency (RF) receivers 

dedicated to Internet of Things applications. Energy-efficiency enhancements 

could be achieved by lowering the power consumption of integrated circuits, 

using antenna diversity or even with an association of both strategies. This 

section compares two wideband RF front-end architectures, based on 

conventional low-noise amplifiers (LNA) and low-noise transconductance 

amplifiers (LNTA) with N-path filters, operating with three transmission 
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schemes: single antenna SISO, antenna selection AS and singular value 

decomposition SVD beamforming.  

Our results show that the energy-efficiency behavior varies depending on 

the required communication link conditions, distance between nodes and 

metrics from the front-end receivers. For short-range scenarios, LNA presents 

the best performance in terms of energy-efficiency mainly due to its very low 

power consumption. With the increasing of the communication distance, the 

very low noise figure provided by N-path LNTA-based architectures outperforms 

the power consumption issue, yielding higher energy-efficiency for all 

transmission schemes. In addition, the selected front-end architecture depends 

on the number of active antennas at the receiver. Hence, we can observe that 

low noise figure is more important with a few active antennas at the receiver, 

while low power consumption becomes more important when the number of 

active RF chains at the receiver increases. 

 

 A very relevant use case in wireless communication system presently is 

the Internet of Things (IoT)[2]. Moreover, with the fifth-generation (5G) 

technology, the Market is expanding towards massive IoT deployments 

connected to complex smart sensor networks, which require low-cost devices 

with low power consumption [43]. Since IoT devices typically consist of battery-

powered nodes, energy efficiency (EE) is a critical issue, so that long-term 

operation without battery replacement be feasible. This demand makes EE a 

key design goal for 5G IoT applications [44]. 

 Multiple antenna (MIMO) systems have been used to mitigate the effects 

of fading, which allow improving the link reliability so that wireless nodes 

transmit with reduced power. However, each antenna should be connected to a 

radio frequency (RF) chain and, therefore, multiple antennas may increase the 

power consumption at the circuit level. In that sense, antenna selection (AS) is 

an important technique [45], yelding the same diversity gains as MIMO, but with 

lower power consumption due to the reduced number of active RF chains. For 

instance, the EE optimization of some MIMO techniques, when considering the 

effect of reconfigurable RF transceivers, is discussed in [46]. Along with AS, 

singular value decomposition (SVD) beamforming and single antenna (SISO) 

are considered. Results show that EE can be improved considerably with the 
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AS technique for short and moderate distances. On the other hand, the spatial 

diversity gains provided by SVD are important to extend the range. In addition, 

the combination of antenna selection and low-resolution phase shifters for 

device-to-device communications is investigated by [47]. The proposed antenna 

selection algorithm is shown to increase the energy efficiency by suppressing 

interference from other devices in the network, as well as improving the 

received signal power. 

Another important venue to improve the EE is to reduce the power 

consumption at the circuit level, e.g., through battery management techniques 

[48] or receiver architecture redesigns [49]. CMOS technology downscaling 

imposes huge challenges for RF designers, which need to meet severe system 

requirements while keeping power-consumption as low as possible. Seeking for 

low-power front-end receivers compliant with the required specifications of 5G-

based IoT scenarios, both receiver architecture and circuits have to be 

optimized. To support a huge number of applications in different communication 

standards, usually multiple RF front-ends are designed to operate in a single 

band/standard each, thus potentially consuming considerable power overall 

[50]. Hence, a low-power wideband RF front-end receiver is essential for multi-

standard communications. 

Figure 33 illustrates two different wideband receiver architectures. The 

conventional receiver chain in Figure 33a has a band-pass filter (BPF), followed 

by a low-noise amplifier (LNA) and an active mixer. In wideband applications, 

BPF are generally surface acoustic wave (SAW)-filters organized in banks, 

which are switched on/off depending on the band or channel required. These 

SAW-filters make the receiver bulky and costly. Several strategies on the LNA 

designs can be found in the literature for wideband receivers, depending on the 

metric to be optimized. To save die area, wideband inductorless LNAs with 

tunable active shunt-feedback architecture have been proposed in [10]. Also 

employing an active shunt-feedback, but focusing on reducing noise figure, a 

wideband noise-canceling CMOS LNA with enhanced linearity was proposed by 

[51]. In addition, aiming at reducing the power-consumption and improving the 

linearity, the circuit designed in [52] is a dual-path noise and nonlinearity 

canceling LNA. Furthermore, instead of designing a single wideband LNA, a 

multi-standard beamforming RF front-end is presented in [53], which consists of 
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four independent receiving paths. This circuit covers a wideband operation, 

yielding better noise figure and linearity at the expense of increasing the overall 

power-consumption. 

 
Figure 33 - LNA and LNTA front-end receiver architectures. 

Source:[54]. 
 

Common to the previously mentioned low-power wideband LNAs is their 

focus on providing low noise figure at the expense of reduced gain and linearity. 

Alternatively, Figure 33b presents the low-noise transconductance amplifier 

(LNTA) architecture. The multiple off-chip bulky SAW-filters are replaced by on-

chip reconfigurable filters, denoted as N-path filters [55]. Then, the combination 

of the high output impedance of LNTA with the low impedance of the N-path 

circuitry enables significant attenuation of frequencies outside the intended 

band, thus providing high RF selectivity on-chip. Therefore, the association of 

the LNTA with the multiple reject-band filters (RBF) in parallel allow the 

reception and amplification of the desired signal in wideband, through multiple 

smaller bands, allowing reduced noise figure at the front-end. In addition, to 

reduce power-consumption, a passive mixer is placed right-after the LNTA. The 

position of the RBF could change around the LNTA, depending on the desired 

behavior. LNTAs have recently drawn considerable interest due to their greater 

linearity performance [56]. 
  

For instance, inductorless designs implementing noise and distortion 

cancellation techniques are presented in [57],[58]. Moreover, a high-linearity RF 

receiver architecture is shown in [55], adopting Miller band-pass filters for 

channel selection. To reduce the front-end receiver power consumption, in [59] 

the LNTA is followed by a current mode passive mixer that provides sufficient 
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linearity to permit coexistence with large out-of-band interference arising from 

other transceivers. Nevertheless, despite the enhanced linearity of LNTAs, 

these circuits face severe requirements for impedance matching networks and 

bandpass filters. As a result, occupied area enlarges significantly. In addition, to 

improve receiver sensitivity, LNTAs are designed to provide a sufficient gain to 

the weak incoming RF signals, increasing the power consumption [5]. In 

summary, the above mentioned LNTA-based designs aim to improve linearity 

and reduce the noise figure, at the expense of a significant increase in the 

power consumption. 

Given all the challenges imposed by energy-constrained applications, we 

present an energy efficiency analysis that merges aspects of front-end receiver 

architectures with the spatial diversity improvements of using multiple antennas. 

Then, we take into account the power consumption of the required circuit 

blocks, for both LNA and LNTA architectures, in two MIMO scenarios: one 

based on AS scheme, in which only one pair of antennas remains active in each 

transmission; and other based on SVD beamforming, which uses all 

transmitting and receiving antennas to increase robustness against channel 

fading. Moreover, as a reference, we also consider the SISO case. Results 

show that low power consumption is not enough to guarantee the best 

performance in terms of energy efficiency. There is a tradeoff between link 

distance, noise figure and power consumption that can be optimized through 

the proper combination of receiver architectures and spatial diversity 

techniques. The rest of this chapter is organized as follows: Item 4.3 details the 

designs of RF receivers, item 4.4 shows the communication model, with the 

mathematical equation shown in chapter 3. Next, some numerical results are 

discussed and in item 4.6  and the chapter ends with the conclusions. 

 

4.3     Design of RF receivers 
 

Figure 33 illustrates the typical blocks for the LNA and LNTA 

architecture. In the figure, only the front-end part of the receiver is considered, 

i.e., until the intermediate frequency (IF). Seeking for a more realistic 

communication model, we selected some GHz band design examples from the 

state-of-the-art. The main features of these silicon-proven RF circuits are 
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included in our model, according to Table 2. It is worth noting that our 

methodology for choosing the wideband RF front-end receivers is based on the 

power consumption and noise figure performance results presented by the 

circuit designs. Moreover, we have chosen three RF circuits for each 

architecture presenting similar receiver sensitivity. 

 
Table 2 - Characteristics of the selected LNA and LNTA-based receivers. 

Architecture Ref. Freq.Range 
[GHz] 

Gain 
[dB] 

Power Consump. 
[mW] 

Noise Figure 
[dB] 

LNA [10] 0.1–2.2 12.3  0.4 5 

[51] 0.1–2 17.5 21.3 3.5 

[52] 2.3–2.5  17.4 0.48 2.8 

LNTA [55] 0.05–2.5 38 20 2.9 

[58] 0.7–3.8  47 41.88 1.6 

[59] 2–2.8 43.4 4.32 7.5 

 

Common to all architectures is the fact that the receiver circuit designer 

works to optimize the RF front-end, with a special focus on the first block of the 

receiver chain, since it directly affects the receiver sensitivity and noise figure. 

Also, we consider that the RF receivers are operating in their linear 

region and interference is implicitly handled by an upper layer multiple access 

protocol, so that any residual interference can be accounted for as additional 

noise in our system model. 

 Figure 34 illustrates the sensitivity of the RF circuits shown in Table 2 as 

a function of the power consumption, considering B = 20 MHz and ξ0 = 0 dB. As 

we observe, small sensitivity can be obtained with both architectures, e.g., 

considering the LNA design from [52] and the LNTA from [58]. However, the 

advantage of improved receiver sensitivity is not always evident to maximize the 

EE, so that small power consumption may be of greater importance and the 

LNTA from [59] may also be interesting design choice. Such situation may be of 

particular interest when the communication distance increases, so that the 

transmitted power becomes much larger compared to the power consumption of 
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the circuits. As a consequence, the relative advantages and disadvantages of 

each RF circuit design will be evaluated in order to maximize the EE. 

 
Figure 34 - Sensitivity as a function of the power consumption. 

Source: The author. 
 

4.4     Communication Model 
 

We consider a system as illustrated in Figure 35, with a transmitter node 

and a receiver node, in which we use Nt and Nr to represent the number of 

available transmitting and receiving antennas, respectively; while lower case 

letters nt and nr denote the active number of antennas at each node. In 

addition, each antenna is assembled on a single RF chain. 
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Figure 35 - RF transceiver building blocks. 

Source: The author. 
 

Besides the power used to transmit the RF signal, the consumption of all 

building blocks at the transmitter and receiver nodes needs to be included in 

order to achieve the total system power budget. Thus, considering that nt ≤ Nt 

RF chains are active at the transmitter and nr ≤ Nr RF chains are active at the 

receiver, the total power consumption becomes according to equation (3.4) 

where the subscript sch  {SISO, AS, SVD} indicates the transmission scheme, 

which we detail in the previous chapter. 

 (4.3) 

is the power amplifier (PA) consumption, with Pout being the transmitted power 

that the PA forwards to the transmitter output, and η represents the PA drain 

efficiency [60]. It is worth remarking that in the case of multiple active RF 

chains, we assume that the transmitted power is equally distributed among all 

PAs. Furthermore, Prx,FirstBlock is the power consumed by the first block at the 

receiver chain, depending on the employed LNA or LNTA architecture, 

according to Table 2. In addition, Ptx and Prx are the power consumption of the 

other building blocks at the transmitter and receiver, respectively. Then, a 

communication link connecting the transmitter and receiver nodes can be 

expressed according to the equation (3.6) and the link budget can be expressed 

according to the equation (3.7). 
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 Futhermore, the instantaneous SNR at the receiver is   or 

equation (3.8) where ||.||F is the Frobenius norm and the average SNR at each 

receive antenna with respect to each transmit antenna is given by equation 

(3.9).

 

4.5     Transmission Schemes 
 

 Here we describe the transmission schemes employed, SISO, AS and 

SVD beamforming, in terms of their outage probability and energy efficiency 

expressions. 

 
Outage Probability and Transmitted Power 
 
An outage event in a communication link occurs whenever the received SNR 

falls bellow a threshold ξ0 that allows correct decoding. In other words, the 

outage probability is defined as Pr{ ξ < ξ0} , where assuming the use of capacity 

achieving error correcting codes, ξ0 = 2R – 1 and R is the spectral efficiency in 

bit/s/Hz [61]. 

 

SISO 

We first assume the SISO scheme, where the transmitter and receiver are 

equipped with only one antenna at each node. Then, the outage probability is 

[62] according to equation (3.9).  We assume that the system operates with a 

given target outage probability *, so that Osch = * is used to find the minimal    

required transmitted power Pout of each scheme

as in [31].  Then, in the case of the SISO scheme the transmitted power must 

be adjusted according to equation (3.11). 

 

Furthermore, let us remark that  represents the power used with the LNTA 

architectures, while there is an additional term due to the SAW-filters of the LNA 

architectures, as it will be detailed forward. 
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AS 

 

 In this case as already explained only one antenna is active at both 

transmitter and receiver. The best antenna at the receiver is selected based on 

the highest received SNR, whereas the best antenna at the transmitter is 

selected via a feedback channel. The outage probability of AS is given by 

[62][31], according to equation (3.12), and transmitted power, equation (3.13), 

respectively. 

 
SVD 

 In this scheme, all transmit and receive nodes are in operation at the 

same time. The equations of outage probability and transmitted power are 

(3.14) and (3.15) respectively. 
 

Effect of the SAW-Filters at the LNA Receiver 

 

Another important element that affects the transmitted power is the SAW-

filter at the LNA receiver. For the LNA architecture we consider the insertion 

loss of the off-chip SAW-filters and the necessary arrangements for the 

transmission of the simultaneous carriers. For the LNTA architecture this was 

not necessary because integrated reconfigurable filters are implemented. As a 

result, there is a 2.1 dB loss, per active receive antenna, in the received SNR of 

the LNA, compared to the LNTA. The value of 2.1 dB is extracted from the 

datasheet of a commercial low insertion loss RF SAW filter [63], compliant with 

the carrier frequency denoted in Table 2. 

Then, in order to provide the same SNR ξ0 required to meet the target outage 

probability * for both architectures, we compensate such insertion loss of the 

LNA by increasing the transmitted power with respect to that required with the 

LNTA architecture, i.e., 

 

 (4.4) 

 

 The energy efficiency is defined in equation (3.16). 
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In which the numerator represents the system throughput, in bit/s/Hz, and  

is the total power consumption of each scheme. Let us recall that, according to 

[44],  depends on the number of active antenas of each transmission 

cheme, with nt = nr = 1 for both SISO and AS schemes, while nt = Nt and nr = 

Nr for the SVD scheme. In addition, the power consumption of the circuit blocks 

also depends on the employed RF front-end architecture. 

 It is also worth noting that AS is expected to yield a higher EE than SISO, 

since the outage probability of AS is lower than that of SISO, for the same total 

power consumption. On the other hand, the outage probability of the SVD 

scheme is lower than AS; however, since all antennas are active in both 

transmitter and receiver, the power consumption is also higher, which leads to a 

trade-off in terms of EE. 

 
Table 3 - Simulation pamameters. 

      
Parameter Description Value 

B Channel bandwidth 20 MHz 
M1 Link margin 20 dB 
Ga Total antenna gain 5 dBi 
fc Carrier frequency 2.4 GHz 
No Noise PSD -174 dBm/Hz 
α Path loss exponent 2.5 
* Target outage probability 10-3 

R Spectral efficiency 1 bit / s / Hz 
Ptx Power consumption at the TX 97.9 mW [◊] 
Prx Power consumption at the RX 92.2 mW [◊] 
η Drain efficiency of the PA 0.35% [◊] 
m  Nakagami-m fading parameter 2 

 

[◊] - The consumption of TX RX power and PA efficiency according to [60]. 
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4.6     Results and Discussions 
 

In this section we provide a few numerical results with the two considered 

RF front-end architectures. The system parameters are listed in Table 3. In 

addition, we consider notches from a wireless sensor network with the same 

number of antennas to transmit and receive, Nt = Nr. The transmission system 

is evaluated using the closed-form expressions for the outage probabilities. In 

other words, given the target outage probability * we find the required 

transmission power for each scheme, using [10], [51] and [52], respectively for 

the SISO, AS and SVD schemes. In addition, these expressions also depend on 

the noise figure of the receiver, so that each RF front end architecture impacts 

the required minimum transmission power. With that in hand, the energy 

efficiency of each scheme is computed using [57]. 

 Table 4 shows the energy efficiency of the LNA designs, selected from 

[10],[51], [52], as a function of the transmission distance. Then, for each LNA 

we consider SISO, AS and SVD schemes, with the architecture that yields the 

best performance highlighted in orange, cyan and green shadings, respectively. 

Please note that the front-end designs with the lowest power consumption are 

not necessarily the ones with the best energy efficiency. The association of low 

noise figure and low power consumption clearly plays a very important role in 

designing an energy efficient system. Then, in Table 4 we observe that the LNA 

in [52] yields the highest energy efficiency for SISO, AS and SVD. Next, Table 5 
considers the LNTA designs selected from [55],[58],[59]. As we observe, the 

LNTA in [55] yields the highest energy efficiency for SISO when d = 50 m, being 

outperformed by the LNTA in [58] when d ≥ 100 m. Using the AS scheme, the 

LNTA in [59] performs best when d = 50 m, the LNTA in [55] performs best 

when d  {100, 150} m and the LNTA in [58] performs best when d ≥ 200 m. 

Therefore, the blue shading shows the highest energy efficiency across 

architectures. Finally, the SVD scheme follows the same idea, so that the best 

architecture starts with the LNTA in [59] when d ≤ 150 m, shifting to the LNTA in 

[55] when 200 m ≤ d ≤ 350 m and to the LNTA in [58] when d ≥ 400 m. As a 

consequence, in the sequel we pick the LNA/LNTA architectures with the best 

performance among their counterparts. According to Table 4, the LNA in [52] is 
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the best choice, while the LNTA in [58] outperforms the other LNTAs most of 

the time according to Table 5. 

 

 
Table 4 – LNA´s energy efficiency, in bit/J/Hz. 

 

In the Table 4 the energy efficiency as a function of the distance for the different 

LNA architectures and transmission schemes, with Nt = Nt = 2. 

 

 

 

Table 5 – LNTA’s energy efficiency, in bit/J/Hz. 

 

In the Table 5  the energy efficiency as a function of the distance for the 

different LNTA architectures and transmission schemes, with Nt = Nr = 2. 

 

Figure 36 a plots the energy efficiency as a function of the distance between 

transmitter and receiver considering the LNA in [52] and the LNTA in [58], for 

the SISO, AS and SVD schemes with Nt = Nt = 2 antennas. As we can 
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observe, the LNTA architecture at the receiver usually achieves higher energy 

efficiency, except for short transmission ranges with the MIMO schemes. In this 

example, the LNA outperforms the LNTA in terms of EE with AS when d ≤ 150 

m, while this distance increases up to d ≤ 220 m with the SVD scheme. This 

indicates that the very low power consumption of the LNA design in [52] plays 

an important role to maximize the EE in short transmission distances, while the 

lower noise figure of the LNTA from [58] becomes more important when the 

distance increases, since it allows alleviating the transmitted power of the PA, at 

the transmitter side. Complementing the analysis, the importance of the spatial 

diversity brought by the multiple antennas becomes more evident in Figure 36b, 

which increases the number of antennas to Nt = Nr = 4. As we observe, similar 

conclusions can be drawn for the AS scheme, where the LNA becomes more 

energy efficiency for up to d ≤ 220 m. However, when submitted to the SVD 

scheme, the LNA presents better performance than the LNTA. The performance 

difference decreases when the transmission distance increases. Due to the fact 

that in the SVD transmission scheme all nodes are active, combined with the 

lowest consumption in the LNA architecture. 
 

Next, Figure 37 shows the energy efficiency of the AS scheme as a 

function of the number of antennas, considering Nt = Nr and d = {50, 400} m, for 

the LNA and LNTA architectures. As we observe, when d = 50 m the LNA 

outperforms the LNTA in terms of energy efficiency, while this conclusion 

inverts for d = 400 m. As previously mentioned, the noise figure of the selected 

LNTA is lower than that of the LNA counterpart, which becomes more important 

when the distance increases, regardless of the number of antennas. In addition, 

we also observe that the energy efficiency increases with the number of 

antennas up to a saturation level. 
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Figure 36 - Energy efficiency of SISO, AS and SVD. 
Source: The author. 

 
In this figure we have the comparison between LNA [52] and LNTA [58] 
architectures. 

 
 

Figure 37 - Energy efficiency f the AS scheme due number of antennas. 
Source: The author. 

 
In this figure, the distance d = {50,400}m, the number of antenas (Nt = 

Nr). For the SVD scheme, on the other hand, there is an optimal number of 

antennas to maximize the energy efficiency, which depends on the transmission 

distance, as depicted by Figure 38 for d = {50, 400} m. Similarly as for the AS 

scheme, the LNA outperforms the LNTA for short transmission distances. When 

distance increases, the LNTA performs better for a reduced number of 

antennas (less than 4). Improving the spatial diversity allows the LNA to 

surpass the LNTA, even presenting a worst noise figure. For the SVD scheme, 
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the number of antennas determines the number of receivers. Hence, power 

consumption becomes a key metric in the energy efficiency performance. 

 

 Finally, Figure 39 plots the energy efficiency of the AS and SVD schemes 

as a function of Nt = Nr, comparing the LNTAs from [58]  and [59], for d = 400 m. 

As we observe, the LNTA designed in [58] is always more energy efficient with 

the AS scheme, in which a single pair of RF chains is active for communication. 

However, there is a trade-off between [58] and [59] for the SVD scheme when 

the number of antennas increases. With a few antennas (less than 3), the 

energy efficiency using [58] is higher, while it is outperformed by [59] with more 

antennas. By taking the parameters of Table 2 into account, we observe that the 

LNTA in [58] has very low noise figure and high power consumption, with Frx = 

1.6 dB and Prx,FirstBlock = 41.88 mW. On the other hand, the design in [59] has 

very low power consumption at the expense of a higher noise figure, with Frx = 

7.5 dB and Prx,FirstBlock = 4.32 mW in this case. Therefore, we observe that low 

noise figure is more importante when the number of active antennas is low 

(e.g., with AS and SVD with a few antennas), while low power consumption 

becomes crucial when the number of active RF chains at the receiver 

increases. 

 
Figure 38 - Energy efficiency of the SVD scheme. 

Source: The author. 
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In this figure the energy efficiency as a function of the number of antenas (Nt = 
Nr), for d = {50, 400} m. 

 

 
 

Figure 39 – Energy efficiency of the AS and SVD schemes. 
Source: The author. 

 

In this figure the energy efficiency as a function of the number of antenas (Nt = 

Nr), of the AS and SVD schemes  for the LNTA designs in [58],[59] for d = {50, 

400} m. 

 

 

4.7     Conclusions 
 

Energy efficiency behavior modeling has been presented in this section. 

The proposed model sought to place different front-end receivers in relation to 

different communication schemes. More precisely, two different receiver 

architectures composed by LNA and LNTA, respectively, were employed with 

SISO, AS, and SVD schemes, for different ranges. Nakagami-m fading 

distribution is used to characterize the wireless channel, in order to be better 

compliant with IoT scenarios, since the parameter m can be used to model 

scenarios where notches have line-of-sight conditions. After an analysis of the 



61 
 

energy efficiency between receivers based on the state of the art, the best 

candidate for each front-end architecture was selected. A comparative 

performance study of the different communication schemes was carried out, 

showing which distances and conditions stand out for the selected front-end 

designs. The results show that, for short-range scenarios, LNA presents 

increased EE performance, particularly due to its very low power consumption. 

On the other hand, when the communication distance increases the very low 

noise figure provided by N-path LNTA-based architectures outperforms the low 

power consumption of the LNA-based designs, yielding higher EE for SISO and 

AS transmission schemes. For SVD, the LNA always presents the better 

performance in terms of EE, exposing that IoT applications are strongly 

dependent on energy consumption of the RF circuits. Finally, our analysis also 

shows that the selected front-end architecture depends on the number of active 

antennas at the receiver, so that low noise figure is more important with a few 

active antennas at the receiver, while low power consumption becomes more 

important when the number of active RF chains at the receiver increases. 
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5        BLOCKING AND DESENSIBILIZATION OF RF RECEIVERS  
 

An RF receiver can have its sensitivity reduced due to strong unwanted 

signals called blockers. Desensitization occurs through two mechanisms. The 

first is caused by third-order intermodulation products, where large 

interferences, noise sources and non-linear disturbances cause the 

compression of the gain and the degradation of the noise figure. The second 

mechanism is the result of the non-linear effects of second-order 

intermodulation products, these effects are perceived more prominently in the 

mixer, as they generate noise in the downward conversion, and feeds back the 

high frequency step, degrading the desired signal at the input [65]. 

 
 Intermodulation distortion IMD are unwanted products of input signals on 

an amplifier. Two or more signals at the input generate many combinations at 

the output. The results contain 1st, 2nd and 3rd order signs. The 3rd order 

intermodulation products cause vulnerability due to the amplitude and proximity 

to the desired signals. The Figure 40 illustrates the distortions. 

 
Figure 40 - Intermodulation Distortion. 

Source: [66]. 
 

Our study deals with the first mechanism where gain compression and 

noise figure degradation are observed; Out-of-band blockers generate noise, 

second order intermodulation and mixer leak [67]  are not the subject of this 

analysis. The limitations of the output signal in relation to the input due to 
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voltage source or bias currents limit the capacity of the amplifier that goes into 

saturation. The mechanisms that cause desensitization in the receiver are 

shown in the Figure 41. 

 

 

 
Figure 41 - Receiver desensitization mechanisms. 

Source: Adapted[67]. 
 

The transfer function of an amplifier can be presented as a series of 

powers in the polynomial form: 

 (5.1) 

The s0 parameter represents the output signal, the coefficients ,  and  

are independent of frequency. The coefficient   is the gain in the small signal 

model. The input signal is given by: 

 (5.2)  

 

Applying the signal next to an interference , we have: 

 (5.3) 

 

Replacing the eq (5.3) by eq 5(.1) with frequency terms (w) we have: 

   
(5.4) 
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Or we have:  

 

 

(5.5) 

Considering the identity:   we have: 

 

 (5.6) 

 

Organizing the expression, we have: 

    
(5.7) 

  

This analysis allows to verify how the gain compression occours due to 

the third order intermodulation products. 

 

5.1     Apparent gain  
 

The apparent gain of an amplifier is the result of the gain of the device in 

relation to the presence of interferents and linearity. The apparent gain is used 

to check the response of the device to distortions such as intermodulation. 

From the previous analysis the apparent gain of the system is: 

 

 

Rearranging the terms: 

     (5.8) 

 

 

Then we highlight the linearity: 
    (5.9) 

 

 

  (5.10) 
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  (5.11) 

Equations (5.10) and (5.11) refer to linearity. In this case the relationship 

between  α3 and α1 is expressed in module due to the fact that the α3 is 

negative. So, if α3/α1 < 0, the gain will be compressed as the amplitude 

increases  [68]. 

The apparent gain Ga is given by: 

 

 
 

(5.12) 

 

The IIP3 value is related to the compression point of 1 dB through an 

increase of  9.6 dB. Thus: IIP3 = CP1dB + 9.6dB [69]. Our work is focused on 

researching architecture receivers for various applications. The limits of variation 

of noise figure, linearity and gain are shown in Table 6: 

 

Table 6 - Gain, NF and IIP3 range variation 

 

  min max   min max 
NF(dB) 2.6 8.7 F 1.8197 7.4131 

IIP3(dBm) -23 44 ip3 0.005 2.51E+04 
G (dB) 7 70 GL 5.011 1.00E+08 

 

The apparent gain is obtained from the equation (5.12) it is noticeable 

that the element  of the equation is the receiver gain. Considering a 

scenario where the fixed gain = 30 dB, with blocker and linearity varying 

according to the chart below: 

 

Table 7 - Blocker and linearity parameters. 

 

Gain Blocker min Blocker max IIP3 
min 

IIP3 max 

30 dB -25 dBm 10 dBm -5 dBm 10 dBm 
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Figure 42 - Apparent Gain versus Blocker Power. 

Source: The author. 
  

Figure 42 shows that the variation of the linearity of the device causes 

displacement in the curve. The gain becomes unitary at the point where the 

blocker equals linearity, this indicates that the greater the linearity, the greater 

the tolerance to blockers. As the equation (5.12) shows, the relationship 

between apparent gain and blocker is inverse and both co-exist as a function of 

linearity. The trends in the curves in this Figure 42 are repeated for different 

gain values, such as an apparent gain of 5 dB or another of 50 dB. So, the 

apparent gain is initially high and decays as the power of the blocker increases. 

This trend remains unchanged for different blocker values, until the limit of 

linearity. 

 

5.2     Noise factor in the receiver  
 

From the Friis formula, it is known that the noise factor in the receiver is 

the sum of the noise factor of the first block of the chain with the next block 

divided by the gain of the first block. Analysis of the chained blocks reveals that 
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the first blocks are more influenced by noise and the last blocks are more 

affected by distortions [37]. 

 
Figure 43 - Receiver chain. 

Source: The author. 
 

Equation 5.13 summarizes the noise factor of Figure 43. 

 

   (5.13) 

 

Regarding the diagram of the Figure 43, we have that F1 is the noise 

factor of the first block, and  F(others) the correspondent of the subsequent 

blocks which, in this case, refers to a  NF = 10 dB [70]. Considering a variation 

of the power blocking from (-10 to -2) dBm, and Gdisp device gain = 25 dB, the 

linearity is fixed at 0 dBm, applying the equation 7.13 we have the data from 

Table 8: 

 
Table 8 - Noise figure and power blocking. 

                      
  NF 

(dB) 
2 3 4 5 6 7 8 9 10 

PB 
(dBm) 

F  1.5849 1.9953 2.5119 3.1623 3.9811 5.0119 6.3096 7.9433 10.0000 

-10 Frx 2.2097 2.6201 3.1367 3.7871 4.6059 5.6367 6.9344 8.5681 10.6248 
-5 Frx 2.4073 2.8177 3.3343 3.9847 4.8035 5.8343 7.1320 8.7657 10.8224 
-2 Frx 3.1087 3.5190 4.0357 4.6861 5.5049 6.5357 7.8334 9.4671 11.5238 
           

It is noticeable that higher noise figures are related to higher power 

blockers. In the case of variable gain, small gain results in a large noise factor. 

In this example, the successive increase in the power of the interferer caused 

an increase in the noise figure, a reduction in the SNR signal-to-noise ratio, 

reaching saturation and desensitization of the receiver. 
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Figure 44 - Noise Figure versus Apparent Gain. 

Source: The author. 
 

 Figure 44 shows that receivers with significant apparent gains have a 

small noise figure. The noise factors used are listed in the caption. A relevant 

gain causes the noise of the subsequent blocks to be suppressed in such a way 

that the noise of the first block becomes the main contribution of the noise figure 

of the receiver. From the point where the gain is reduced, the noise factor of the 

other blocks influences the total noise figure. 

 
 

5.3     Reception chain  
 

The signals enter the receiver through the antenna, normally pass 

through a filter and then through a low noise amplifier. This is a traditional 

architecture configuration. Other possibilities researched and under 

development are receivers based on switched capacitors. The structures that 

use arrays with switched capacitors are known as N-path filters, or multipath 

filters. These structures feature instead of the LNA low noise amplifier, a LNTA 

low noise transconductance amplifier or a passive mixer before amplification, 

called Mixer-First. The LNTA receiver acts on the V-I conversion with a small 

excursion of the output voltage. The Mixer-First reception structure consists of a 
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passive mixer based on switched capacitors connected directly to the antenna, 

the block next to the mixer is a baseband amplifier. The analysis of the chain 

receivers considers the stages of amplification and downward conversion. Thus 

the architectures are presented in the following figures 45, 46 and 47:

 
Figure 45 - LNA receiver front-end. 

Source: The author. 
 

Figure 45 shows the LNA of a traditional receiver where there is usually a 

filter right after the antenna, this filter can be an external type SAW / BAW or a 

filter built on the silicon itself. 

 
Figure 46 - LNTA receiver front-end. 

Source: The author. 
 

Figure 46 shows the LNTA in a receiver with an N-path filter, for this 

reason it does not require external filters type SAW / BAW. The fact of 

dispensing external filters results in lower cost, smaller silicon area, greater 

speed in the manufacturing process, in addition to the reconfigurability 

characteristics that make the device more dynamic. 
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Figure 47 - Mixer-First receiver front-end. 
Source: The author. 

 

The receiver of Figure 47, as the name suggests, the passive mixer, is 

the first block in the reception chain. In this architecture, N-path filters are also 

applied, so it does not use external SAW / BAW filters.  

From the reception structures we verified that an adequate criterion to 

compare the 3 types of receivers is to analyze the available signals in baseband 

or IF intermediate frequency. The LNTA and Mixer-First receivers found in the 

literature are front-end type, that is, at the output they present baseband 

signals. While the LNA-based receivers are isolated blocks, which have the 

chain up to the low noise amplifier, the output signals of this block are still RF 

signals. For an adequate comparison criterion, the LNA-type reception chain 

takes into account a SAW filter, at the input, the LNA itself and then we consider 

a set containing a mixer with local oscillator and a tunable active filter. In this 

way it is possible to compare characteristics such as gain, noise figure, linearity 

of baseband receivers. 

The LNA receiver has a SAW filter with insertion loss = 2.1dB [63],  a 

mixer with a local oscillator whose G = 17.5 dB, NF = 3.9 dB, IIP3 = 0.84 dBm 

and consumption of 34.5mW [70], and a bandpass filter tunable with G = 15 dB, 

NF = 27 dB, IIP3 = 10dBm and power = 10mW [71] in addition to the LNA itself. 

Gain, linearity, figure and noise have their respective effects on the blocks of 

the receiving chain as shown in Figure 48: 
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Figure 48 - Reception chain blocks. 

Source: The author. 
 

As the LNA reception chain (G1) has a mixer (G2) and an active filter 

(G3), the Gain, linearity and noise factor equations for these chain blocks are 

respectively : 

 

 

(5.14) 

 

 

(5.15) 

 

 

(5.16) 

 

 

(5.17) 

The SNR signal-to-noise ratio will be affected by variations from the 

noise figure. The method of distributing degradations by blocks indicates that 

the SNR shows decay along the elements of the chain, and a tendency for the 

signal and noise to grow along the chain, while the SNR has a tendency for 

reduction in the same blocks of the receiver [32]. 

Thus, considering that :   

 (5.18) 
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Where: Pin = Input power at mW; K = Boltzmann constant = 1.3806*10-23 

J/K; T = Temperature of 290ºC; Bw = Bandwidth in (Hz); and Frx = Receiver 

noise factor. 

 

The analysis of the receiver allows the inclusion of linearity in the chain. 

The following table shows values for single and chain LNA receiver. At the end 

of the chain after the downward conversion, the signals are in baseband. 

 
Table 9 - Values of single LNA and LNA in chain. 

    LNA single LNA chain   
Arq Autor G NF IIP3 G NF IIP3 SNR 

    [dB] [dB] [dBm] [dB] [dB] [dBm] [dB] 
LNA Rahman 17.4 2.8 -10.7 47.8 4.431 9.2600 79.54 
LNA B. Guo 17.5 3.5 14.3 47.9 5.195 9.4100 78.78 
LNA Arshad 15.0 3.7 -10.5 45.4 5.695 9.1700 78.28 
LNA J. Hsieh 10.0 4.0 0.0 40.4 7.102 9.3400 76.87 
LNA Belmas 20.0 4.0 -12.0 50.4 5.587 9.3000 78.39 
LNA Parvizi 12.3 6.0 -11.5 42.7 8.34 8.8800 75.64 
LNA Zaini 16.8 7.3 -16.0 47.2 9.263 8.8800 74.71 
LNA Kumar 14.5 8.7 -5.0 44.9 10.79 9.3300 73.18 

 

 

It is noticeable that the receiver set with the highest SNR is the first on 

the list, for this reason this receiver is going to be used later for comparison with 

the other architectures under study. 

5.4     Example with baseband receivers  
 

Considering that 3rd order intermodulation products can desensitize a 

receiver, we will verify the impacts that the apparent gain, the linearity, the noise 

figure and its variations produce on the receiver's SNR. Also considering the 

hypothesis that the input impedance is equal to the output impedance: Zin = 

Zout = 50Ω. The linearity of low-noise or baseband amplifiers, the ratio of input 

and output powers, the condition of gain saturation (or compression) are 

elements that help to characterize each receiver. Applying equations 5.12 and 

5.13, it is possible to observe that the impact on the apparent gain in the 

presence of blockers is greater in the receiver with less linearity. In the less 
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linear receiver, the noise figure is degraded more easily than in the other 

receivers. In the example with the variation of the blocker's power, the noise 

factor of the receiver (Frx) was approximated to the Frx of the more linear 

receiver, and the apparent gain was calculated. For this step, the receivers 

listed in the following table were considered: 

 
Table 10 - Test features for 3 architectures. 

 

Architecture G(dB) NF(dB) IIP3(dBm) 

Mixer-First 40 4.5 26 

LNTA 42 3.2 1 

LNA 47.8 4.431 9.26 

    

 

The resulting apparent gain is shown in  Figure 49: 

 

 

Figure 49 - Apparent Gain versus Blocker Power. 
Source: The author. 

 

We found that the drop in apparent gain due to the increase in blocker 

power is directly related to the linearity of the device. Thus, among the 3 
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receivers analyzed, the LNTA with less linearity saturates with a blocker of 1 

dBm, whereas the LNA supports a blocker of up to 9 dBm, then saturating and 

the Mixer-First which, due to its greater linearity, supports high blockers up to 

26 dBm. Naturally, the linearity guarantees the receiver´s functioning face of 

specific interferences; on the other hand, it has its cost through the device´s 

energy consumption [41]. 

Based on the concepts and examples presented, and on the hypothesis 

that the interferers cannot be controlled, we verified that the Mixer-First 

architecture can be useful in robust applications tolerant to blockers. 

 

5.5     Test Scenarios  
 

Simulations are presented here considering the modified LNA type 

receivers until the conversion to baseband, in comparison with the LNTA and 

Mixer-First type N-path receivers. The following table contains the 

characteristics of the tested receivers. 
Table 11 - Characteristics of receivers under test. 

REF G NF IIP3 PDC Arch Author 
[dB] [dB] [dBm] [mW]     

[52] 47.8 4.43 9.26 44.98 LNA Rahman 
[51] 47.9 5.2 9.41 65.8 LNA B. Guo 
[10] 42.7 8.34 8.88 44.9 LNA Parvizi 
[58] 42 3.2 1 41.88 LNTA Nejdel 
[55] 38 5.1 10 24 LNTA J. Park 
[59] 43.4 7.5 6 4.32 LNTA Ramella 
[39] 35 2.6 20.5 75 MF C.Wu* 
[72] 40 4.5 26 75 MF Nejdel 
[5] 70 5 25 70 MF Andrews 

 

NOTE: The LNA receivers were calculated in a reception chain, considering a mixer 
and filters, therefore the values in the table differ from the original data of the 
respective articles . 

* The author of the article informs that in the measurements made on the device, the 
noise figure with a 0dBm blocker has increased to 6.5 dB, a reference adopted in the 
scenario analysis  

The test scenario takes into account the 3 reception architectures, 3 
transmission schemes and 3 scenarios: each scenario has an interfering level, 
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so the interfering scenario 1 = 0 dBm, interfering scenario 2 = +5 dBm, 
interfering scenario 3 = +10 dBm.  

 
Figure 50 - Desired signal and interfering test scenario. 

Source: The author. 
 

Scenario 1– blocker = 0dBm. 

                                    (a)                                                                               (b)                                                       

Figure 51 - Scheme scenario 1 a) SISO and b) AS. 
Source: The author. 

 

In this simulation Mixer-First [39]   lost performance due to the change in 

the noise figure in front of a 0 dBm blocker, as informed in the original article by 

the author. Despite the loss of efficiency of Mixer-First  [39], resulting from the 

increase in the noise figure, in the antenna selection scheme, the best 

arrangement is selected for transmission, which places this receiver in a 
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prominent position over others of the same architecture. The Mixer-First [5], 

despite having greater gain, the NF was degraded and as a result, performance 

loss. The LNA [10] shows a slightly lower result than Mixer-First  [5]. The LNA 

has lower consumption and noise figure, the Mixer-First has greater gain and 

linearity. However, the Mixer-First with the worst performance in its category is 

still slightly better than the LNA. This demonstrates that the decisive factor 

between these two receivers is linearity. 

 
                                    (a)                                                                               (b)                                                       

Figure 52 - a) SVD   b) Best results scenario 1. 
Source: The author. 

 
 

Among the outstanding receivers in this scenario are the Mixer-First [39] 

and LNTA  [58], with very close results. Checking the characteristics of the two 

receivers, it is again observed that linearity is the dominant factor. 

 

 

 

 

 

 

 

 

 

 

 

 



77 
 

Scenario 2 – blocker = +5dBm. 
 

 
                                    (a)                                                                               (b)                                                       

Figure 53  -  Scheme scenario 2 a) SISO and b) AS. 
Source: The author. 

 
In this simulation with a +5dbm blocker, LNTA [58] stopped working due 

to the power of the interferer greater than the linearity of the device. Therefore, 

due to desensitization in the AS scheme, the LNTA  [58] and Mixer-First [39] are 

not in operation.  

 

 
                                    (a)                                                                               (b)                                                       

Figure 54 - a) SVD b) Best results scenario 2. 
Source: The author. 

 

 

In the simulation of the SVD scheme, LNTA [58] remained out of 

operation, whereas Mixer-First [39] returns to operation despite the degradation 

of the NF, and is still more efficient after 300m. Mixer-First [72] achieved a 

better performance of this architecture in the SISO and AS schemes, being 
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surpassed by the receiver [39] in the SVD scheme. The other architectures 

presented the same circuits with better efficiency in the 3 transmission 

schemes. In this high blocker scenario, the Mixer-First architecture has an 

advantage due to linearity. 

 

 

Scenario 3 – blocker = +10dBm. 

 

 
Figure 55 - Scheme scenario 3 a) SISO and b) AS. 

Source: The author. 
 

In this scenario with a very high blocker, all LNAs are out of operation 

due to the interference, remaining active the 03 Mixer-First and 1 LNTA, in the 

SISO transmission that shows the linearity relationships of each receiver.  In 

this AS transmission, only the LNTA [55] and the Mixer-First [72] remained 

active, which present greater linearity for each respective simulated 

architecture. 
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Figure 56 - a) SVD b) Best results scenario 3. 

Source: The author. 
 

In the SVD with + 10dBm blocker, only LNTA [55] remained in operation. 

The Figure 56 shows that in this scenario of large interferences, only the LNTA  

[55] and Mixer-First [72] receivers remained in operation in the SISO and AS 

schemes. In the SVD transmission, only the LNTA continued to operate. 

 

Number of Antennas 

As simulated in the previous chapter, the number of active antennas 

influences the performance result. The following figures show the performance 

of the receivers with variation in the number of antennas from 2 to 8. 

 
Figure 57 - Energy efficiency of the AS scheme. 

Source: The author. 
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In the antenna selection scheme, the Mixer-First has the same efficiency 

as the LNA with a distance of 50m between transmission and reception. At this 

distance, increasing the number of antennas hardly affects performance. With a 

distance of 400m between transmission and reception, energy efficiency 

describes logarithmic curves, from a certain number of antennas the proportion 

of increased efficiency is reduced. 

 

  
Figure 58 - Energy efficiency of the SVD scheme. 

Source: The author. 
 

In the SVD scheme at short distance (50m) the increase in the number of 

antennas causes a reduction in energy efficiency, since in this type of 

transmission all antennas are active, which increases energy consumption. With 

the 400m distance between transmission and reception, the best performance 

with 3 antennas can be seen, from which the increase in active antennas 

causes a decrease in performance. 

An interference capable of reducing the sensitivity of an amplifier results 

from third-order intermodulation products. The apparent gain compression is 

more prominent the lower the linearity of the device. The reduction of this gain 

degrades the noise figure of the receiver and, consequently, decreases its SNR.  
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In front of a 0 dBm blocker, Mixer-First [39] loses performance in the 

SISO scheme due to the degradation of the noise figure. Interestingly, this 

same device appears as the greatest efficiency of this type of architecture in the 

AS scheme, due to the characteristics of the receiver associated with the fact 

that the most efficient transmission scheme is the AS[70].  In the SVD 

transmission, the LNA [52], classified as the most efficient of its architecture, 

presented a slightly lower performance than Mixer-First [5], which has the 

lowest efficiency of this architecture in the simulation. The simulated LNA 

consumes less and has a lower noise figure, however Mixer-First has much 

greater linearity, which is the dominant factor, as already mentioned. 

The + 5dBm blocker caused an impact on the LNTA [58], which went out 

of operation due to the power of the interferer to overcome the linearity of the 

receiver. In the AS transmission,  Mixer-First [39] goes out of operation, as a 

result of the noise figure degraded by the blocker and interestingly returns in the 

SVD transmission, presenting greater efficiency for distances greater than 

300m. The SVD scheme is more suitable for greater distances, with less 

probability of failure, the total energy consumption is greater, since all notches 

are active simultaneously [70]. 

With the + 10dBm blocker, all LNAs stopped working. The 3 Mixer-First 

and 1 LNTA remain in the SISO scheme. In the AS scheme, 1 Mixer-First and 1 

LNTA were in operation, and in the SVD transmission, only 1 LNTA remained in 

operation. The results show that in the face of large interferences, receivers 

with greater linearity remained in operation, while architectures with little 

linearity will be desensitized or will have their noise figures degraded in such a 

way that the gain compression and noise have a significant influence on the 

receiver. The simulations in the 3 schemes show changes in the results due to 

energy consumption, signal-to-noise ratio and probability of failures. 

The Mixer-First architecture, being passive, consumes energy in the local 

oscillator and in the baseband amplifier. This type of receiver also has a 

disadvantage, which is the effect of bidirectionality where harmonics are 

injected in the high and low frequency stages. Even so, the topology was 

highlighted in the simulations of this work due to its high linearity, which 

compensates for the noise figure that is often high in the presence of blockers. 
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Devices with LNTA architecture, are often designed with cancellation and noise 

techniques, and IM3 third-order intermodulation products cancellation 

techniques, such as the circuit proposed in [67], where the receiver often 

presents a 4.9 dB noise figure operating speed of 2 GHz and reaches a linearity 

of 32.5 dBm. 

 

Receivers with traditional LNA architecture, often used in IoT projects, 

sensor networks, among others, present the issue of low linearity. Several 

techniques are being researched, among them the use of transistors with 

multiple gates to sublimate the LNA proposed by [73], where a main transistor 

starts to operate with a weak inversion, and an auxiliary transistor is polarized in 

the region of strong inversion. This causes the third order non-linearities to be 

canceled or reduced. 
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CONCLUSION 
 

 The objective of this work was to analyze the traditional reception chains 

and with switched capacitors type N-path, mixer-first and LNA-first. The 

performance in terms of energy efficiency was calculated for LNA and LNTA 

structures. Then, the noise figure and IIP3 cascade calculations and the 

degradation distribution method were verified. With this methodology several 

RF receivers can be applied to those applied in the standards as NB-Iot, LTE-A 

and 5G, and the distributions of these protocols for the LNA, LNTA and Mixer-

First. 

 The contribution was to improve the calculation methods of the LNA, 

Mixer-first and LNA-first reception chains, in order to guide future work on the 

necessary adjustments for tests and performance specifications such as: gain, 

consumption, noise figure and linearity, block by block and the total reception 

chain. 

 The global objective goes beyond the specifications of the chain blocks, 

but to obtain the best possible distribution with the lowest consumption, that is, 

to guarantee the performance requirements of the receiving chain, according to 

the desired application. The concepts shown in this work can, in addition to 

assist the designer in modeling, saving time and using values appropriate to the 

requirements of applications and standards, focus on the analysis of linearity for 

the development of receivers adjustable to multiband and multipattern 

requirements. 

 The modeling of the energy efficiency behavior where the probability of 

failures and the minimum power required for the communication link are found 

was demonstrated in this work. 

 It was also found that linearity and its effects on gain compression cannot 

be disregarded, as it is essential to understand the behavior of the receiver in 

the presence of interferents, which determine the functioning of the receiver and 

compliance with certain norms and standards. 

For the first time, three receiver architectures were tested in association 

with three transmission schemes. The AS antenna selection transmission 

scheme proved to be more energy efficient, as it optimizes and maximizes the 

results by applying 1 active antenna at a time. The transmission scheme by 
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singular decomposition of SVD value provides the longest distance, however as 

it uses all active antennas simultaneously, although increasing energy 

consumption is useful in MIMO systems where energy savings are not the main 

factor. 

 The traditional LNA architecture is useful in IoT applications where 

energy savings are essential for devices with long battery life, sensor networks 

and dedicated applications. 

 The LNTA-first architecture is promising in a wide range of sub-6GHz 

applications,  which indicates that it would be interesting in the standards such 

as 3G, 4G, 5G (eMBB and URLLC), as it is a sawless, inductorless structure 

that saves silicon area and allows optimization of the production process. This 

topology is versatile and flexible to program, generally having greater linearities 

than LNAs, which guarantees its operation in the face of interfering devices. 

 Mixer-First proved to be useful in narrow band or short-range 

applications such as blue-tooth and also in LPWan protocols. As it presents the 

greatest linearity among the researched architectures, it has potential use in 

highly robust applications with interferents. As it is a relatively new structure, 

and one that has attracted the interest of researchers only in the last 10 years. 

Despite the implementation difficulties such as transparency, bidirectionality and 

leaks, it seems interesting for microwave bands with tens or hundreds of GHz 

Ultra reliable 5G-URLLC applications or still in use in military systems where 

communication failures are not allowed, this architecture is promising. 
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APPENDIX - STANDARDS 
 
 
Here are presented some communication standards most used in radio 

frequency devices. Among the main ones we have: Blue-Tooth, Wi-FI, GSM, 

UMTS, 4G-LTE and 5G. Mobile communication networks from 1G to 5G show 

that each generation of mobile networks has a characteristic contribution to the 

evolutionary process of mobile communications. The first generation 1G 

systems allowed for truncking communication, which in a way represented for 

wireless systems the equivalent of using telephone switches with automatic 

switching in wired systems. In 1G systems, voice switching on mobile devices 

started to be widely used, but there were still roaming problems that were not 

solved. Second generation 2G systems, with the introduction of TDMA time 

division multiple access and CDMA code division multiple access, led to the 

development of the global GSM mobile communications system. In this 

generation, in addition to roaming, voice services are now operated in different 

regions, allowing the use of short data, via SMS, Short Message Service. From 

the Third Generation Partnership Project (3GPP), 3G networks appear with 

standardized systems even on different platforms such as UMTS and 3G CDMA 

2000, with the purpose of supporting emergency services and local 

applications. The specifications of 4G - Long Term Evolution (LTE) preserved 

the standards of the previous generation, and the same is foreseen for 5G 

systems. Thus, location services on the device, use of WLAN wireless local 

networks, methods for applying Global Navigation Satellite Systems (GNSS) 

are characteristics present in systems from 3G to 5G and later, considering the 

respective evolutions. Location methods can be based on the device, when 

calculations are made on the device itself from satellite transmissions, and 

based on networks, where the location is made available by the network to 

which the device is connected [74]. 



93 
 

 
Figure 59 - Timeline - 40 years cell phone standards, methods and rules. 

Source: [74]. 
 
 

 Figure 59 shows the standards of services, applications, methods and 

standards used in mobile cell phone systems in a timeline from 1980 to 2020. 

With the evolution of multi-band and multi-standard systems, receivers 

notably need to demodulate messages properly, regardless of the presence of 

interfering devices, that is, due to the multiplicity of applications and services, a 

given resource can be the desired signal at one moment and the next moment 

be treated as an interference, hence the need for selective, precise filters, 

rejection of harmonics and spurious, with its various variables for dynamic 

treatment of multi-band information, multipattern as the following figure.

 

Figure 60 - Block diagram of a multi-standard receiver. 
Source: [75]. 
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Some of the standards with recent communication protocol specifications 

are presented and discussed below.  

 

Bluetooth 
 

 The Bluetooth standard was developed for personal use PAN networks. 

This protocol allows the connection and communication between different types 

of equipment and devices for personal use such as cell phones, notebooks, 

printers, digital cameras, video game consoles. The specifications were 

licensed by the Bluetooth Special Interest Group. It is a protocol for use with low 

consumption and short distances, up to 100m. Classic Bluetooth with basic or 

advanced rate is designed for low power operation, with robust levels of 

frequency hopping, has 79 data transmission channels, with multiple physical 

layer options, data rates between 1 and 3 MBps and multiple power levels from 

1mW to 100mW. Bluetooth LE (Low Energy) has 40 channels of data 

transmission for operation at very low power. The data rate is 125 Kbps to 2 

Mbps.. 

 
Table 12 - Bluetooth features. 

 

Feature Bluetooth Low Energy  Bluetooth BR/EDR 
Frequency 2.4 GHz ISM (2.402-2.480 GHz) 2.4 GHz ISM (2.402-2.480 

GHz) 
Channels 40 - 2 MHz spacing 79 - 1 MHz spacing 
Channel use FHSS FHSS 
Modulation GFSK GFSK, π/4 DQPSK, 8DPSK 
Power Consumption 0.01x to 0.05x reference value 1 reference value 
Data Rate 125 Kbps - 2 Mbps 1 Mbps - 3 Mbps 
Maximum Power TX 100 mW (+ 20dBm) 100 mW (+ 20dBm) 
Network Topology Point to point, broadcast, 

mesh 
Point to point 

 

 

IEEE 802.11 
 

 The IEEE 802.11 or Wi-Fi wireless communication protocol suite acts on 

the physical layer, with various transmission and encoding methods, among 
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which the best known are Frequency Hopping Spread Spectrum (FHSS), Direct 

Sequence Spread Spectrum (DSSS) and OFDM (Orthogonal Frequency 

Division Multiplexing). It is widely used in wireless local area networks at 

universities, airports, hotels, restaurants, public places such as parks and 

squares, and homes with the well-known ADSL modems. The last three 

generations of WI-Fi are: 802.11n (WI-Fi 4), 802.11ac (Wi-Fi 5) and 802.11 ax 

(Wi-Fi 6). This protocol has an extensive list of versions and developments from 

1989 to the present. It uses three main types of cryptographic security, which 

are: WEP (Wired Equivalent Protocol), TKIP (Temporal Key Integrity Protocol) 

and AES (Advanced Encription Standard). The set of specifications can be 

found on the WiFi Alliance website. 
Table 13- IEEE 802.11 features. 

Version Freq.(GHz) Bandwidth 
(MHz) 

Data Rate(Mbps) Indoor 
(m) 

Outdoor (m) 

802.11 2.4 22 2 20 100 
802.11a 5 20 54 35 5000 
802.11b 2.4 22 11 35 140 
802.11g 2.4 20 54 38 140 
802.11n 2.4 - 5 20-40 72.2-150 70 250 
802.11ac 5 20-160 866.7 - - 
802.11ad 60 2160 6912 - - 
802.11ax 2.4 - 5 5000 10300 - - 
 

 

GSM to 3G 
 

 The Global System for Mobile Communications - GSM is used in more 

than 200 countries for communication on cell phone networks. This system 

allows the use of international roaming. It is a second generation 2G system, 

being an open technology standard documented by the European 

Telecommunications Standardization Institute - ETSI. It uses TDMA time 

division multiple access. GSM has a data rate of 384 Kbps, with a bandwidth of 

200 KHz. The operating frequencies are 800/900 MHz and 1800/1900 MHz.. 

 From the year 2000, the development of standards for GSM passed from 

ETSI to 3GPP. As a result of the effort to organize and standardize third 

generation communications, UMTS Universal Mobile Telecommunications 

Systems emerges. In the evolutionary sequence of the set of third generation 
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protocols, HSPA High Speed Packet Access appears with a data rate of up to 

14.4 Mbps of downlink on the device. HSPA + offers 168 Mbps of downlink and 

22 Mbps of uplink. 

 
Table 14 - Theorical limits on 2G - 3G data rates. 

Generation 2G 3G 
Protocol GSM GPRS EDGE UMTS HSPA HSPA+ 
Data Rate 40 Kbps 170 Kbps 470 Kbps 2 Mbps 14.4 Mbps 168 Mbps 

 

 
LTE 
 

 The 4G or LTE - Long Term Evolution standard was designed to maintain 

compatibility with GSM and HSPA. The main difference is observed by the use 

of MIMO Multiple In Multiple Out, which combines multiple access by orthogonal 

frequency division OFDMA, with FDMA carriers and increases the efficiency of 

the spectrum, reaching a downlink bandwidth of 20 Mbps (LTE) and 100 Mbps 

(LTE-A). 

 LTE won Wimax as the fourth-generation standard for compatibility with 

3G systems, which guarantees the survival of legacy equipment during the 

implementation of the new technology. LTE has an open interface with a core 

based on TCP / IP protocols. The use of multiple antennas, spectrum flexibility, 

quality of QoS service are outstanding characteristics of this standard. 

 

5G 
 

 5G is the term used to define the technology of the fifth generation of 

cellular mobile phone networks. The 3GPP release 16 industry association and 

the international ITU telecommunications union through the IMT2020 set bring 

together the main characteristics of this communications standard, which, 

among other objectives, should aggregate the previous technologies (GSM, 

UMTS, LTE, LTE Advanced Pro). The 3GPP Release 15 report features uplink 

and downlink based on orthogonal multiplexing by OFDM frequency division. 

The following figure summarizes the evolution of some 5G services.. 
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Figure 61 - 5G mobile network requirements - ITU-R. 
Source: [76]. 

 

 The main infrastructure manufacturers such as Nokia, Ericsson and 

Huawei have equipment with 5G technology in operation.. 

 The 5G latency is less than 1ms. It uses cognitive radio techniques which 

allow the infrastructure to automatically decide the type of channel to be offered, 

differentiating between mobile and fixed devices and adapting conditions at a 

certain time. Recent terms like Internet of things Iot, industrial internet 

encompasses possibilities in areas such as: transport, environmental and 

energy conservation, health, infrastructure, communication media, sensor 

networks. The use of smart phones associated with smart devices will allow a 

leap in data communication and personal devices.[77]. 

 The multiple access scheme supports the following formats: OFDMA, 

TDMA, CDMA, SDMA. The downlink supports: QPSK, 16, 64 and 256 QAM. 

Uplink supports: π / 2 BPSK, QPSK, 16, 64 and 256 QAM. In both (uplink and 

downlink) the symbol rate is 1344 ksymbol / s for a 1440 KHz block. The peak 

of the PAPR average power ratio in the downlink is 8.4 dB or 99.9%, in the 

uplink in the CP-OFDM scheme is equal to the downlink, in the DFT-spread 

OFDM scheme follows the table: 
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Table 15 - Power ratio for 5G modulation schemes. 

Modulation π/2 BPSK QPSK 16QAM 64QAM 256QAM 

PAPR (99.9%) 4.5 dB  5.8 dB 6.5 dB 6.6 dB 6.7 dB 

CM  (99.9%) 0.3 dB  1.2 dB 2.1 dB 2.3 dB 2.4 dB 

Source:[78]. 
 

The following table presents some of the main characteristics of LTE, LTE-A 

and 5G technologies. 

 
Table 16- LTE, LTE-A and 5G features. 

Feature LTE LTE-A 5G 
Peak transmission rate DL 300 Mbps 1 GBps 20 GBps 
Peak transmission rate UL  75 MBps 500 Mbps 1 GBps 
Bandwidth transmission DL 20 MBps 100 Mbps   
Bandwidth transmission UL 20 MBps 40 Mbps   
Peak spectral efficiency (bps/Hz) DL 15 30 90 
Peak spectral efficiency (bps/Hz) UL 3.75 15 45 
Scalable bandwidth 20 MHz 100 MHz   
Low speed mobility < 15 km/h < 15 km/h   
High Performance Mobility 120 km/h 120 km/h 500 km/h 
Link maintenance mobility 350 km/h 350 km/h   
Capacity (users per cell) 200 / 5MHz 600 / 5MHz 106/km2 

DL – downlink, UL – uplink  
 

 

 
 

 The prospects of 5G include a new frequency spectrum, advanced 

performance and new applications. The use of frequency bands such as 25-35 

GHz, 50GHz, unlicensed spectra has expectations and projects for use within 

the fifth generation. Advanced developments such as multiple antennas for 

transmission and reception, programmable antennas, energy savings, and new 

applications such as internet of things, multicast / broadcast, use of satellite 

communications, direct access links to databases, are in the suite of features of 

5G, which can be seen in the following figure. 
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Figure 62 - 5G evolution. 

Source: [76]. 
 

 

LPWAN PROTOCOLS 
 

 With the widespread use of RF devices, the growing IoT market already 

has hundreds of billions of connections. Large-area, low-power LPWAN 

networks make low-rate, long-range, low-rate long-range radio technologies 

increasingly popular, where protocols such as LoRa, Sigfox and NB-Iot lead 

large-scale development.. 

 The applications used previously provided radio technology with short 

range (e.g. ZigBee, Bluetooth), and are not adapted for long range transmission 

scenarios. Applications based on cellular communication networks (e.g. 2G, 3G, 

4G) can serve large coverage areas, but with high energy consumption. So IoT 

applications compose the current emerging wave of the wireless 

communications market with low power wide area network LPWAN. In this way 

the distance of the links can reach between 10 to 40 km in rural areas and up to 

5 km in urban areas. The LPWAN protocols discussed here are NB-IoT, LoRa 

and Sigfox [79].  

The NB-Iot protocol was completed in June 2016 and is available on the 

3GPP industry association release 13/14 website. It is a protocol developed for 
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narrowband applications for front end devices. It can coexist with GSM and LTE 

and has 3 modes of operation: 

 stand-alone, where it is used a specific carrier instead of a GSM 
carrier . 

 guard band: it uses unused block resources from the LTE guard 
band. 

 in band: it uses block resources from an active LTE carrier . 
Some features of the NB-Iot are: 

Table - NB-Iot features. 

Parâmeter NB-Iot 
RF Frequêncy  699 - 915 MHz 
BW 180 kHz 
Max. Reception level -25 dBm 
Sensibitivity -109 dBm 
NF < 7 dB 
P1dB > -25 dBm 
OB-IIP3 > 7.75 dBm 
IB-IIP3 > -15.4 dB 

Source: [80]. 
 

 LoRa was developed by the start up Cycleo in 2009 in Grenoble in 

France. This protocol was acquired by the American company Semtech, which 

created in 2015 the LoRa Alliance, which is present in more than 42 countries. It 

is a physical layer technology, uses sub-GHz ISM band, with a proprietary 

spectral spreading technique with six factors for adapting data rate and 

distance. 

 Sigfox was developed by the start up with the same name, in 2010 in 

Toulouse, France. The company operates and sells its own IoT solution in more 

than 30 countries. The connectivity offered is based on software-defined radio 

on patented proprietary systems. Equipment is interconnected to other services 

on IP-based networks[79]. 
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Figure 63 - Performance comparison between LPWan protocols. 

Source:[79]. 
 
  The figure shows that NB-IoT has advantages in latency, scalability, 

quality of service, etc., being applicable in sales terminals. Sigfox and Lora 

stand out in battery life and cost, being useful in precision agriculture. Sigfox is 

also distinguished by distance and coverage. LoRa was evidenced by the 

development. 

 An analysis with 24 receivers, of the 3 LNA, LNTA and Mixer-First 

architectures, in groups of 8 circuits of each architecture. Considering the 

Bluetooth standards, IEEE 802.11 and its variations, GSM bands A to E, LoRa, 

4G-LTE, and the three main applications of 5G - eMBB, mMTC and URLLC. 

The protocols or services Bluetooth, GSM, LoRa and ZigBee can be served by 

all circuits of the 3 architectures. The broadband applications IEEE802.11, 4G-

LTE, and very broadband 5G (eMBB, URLLC) are preferably served by LNA 

type receivers. The mass communications service type mMTC machine can be 

served by any of the architectures. Table 14 summarizes the results with the 

number of circuits for each architecture that meets each application. 
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Table 17 - Applications by receiver architecture. 
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MF 8 3 8 8 8 3 8 8 8 0 7 0 69 
LNTA 8 4 8 8 8 4 8 8 8 1 7 1 73 
LNA 8 8 8 8 8 8 8 8 8 7 8 7 94 

 
 

 Table 16 shows that services or applications in narrow or low band are 

served by the 3 architectures such as: Bluethooth, GSM, Zigbee, Nb-Iot, LoRa 

and LoRa. Applications with ultra-wide band and / or high transmission rate 

such as 5G (eMBB, URLLC) are served by the LNTA and LNA architectures, in 

this case and based on the analyzed receivers it was verified that receivers with 

Mixer-First architecture do not meet the wide band specifications . 

 

 Articles and Circuits used in this thesis. 

[81]  - This work are presented the Mixer-First in MIMO receiver. 

[82] – This work show the LNTA with frequency range 1-6 GHz. 

[83] – This work show the LNTA sawless channel-selecting for 3G/4G FDD 

receivers 

[84] – This work discuss a high linearity cmos receiver. 

[85] – This work presents the enhanced selectivity higth linearity mixer-first 

receiver. 

[86] -  This work show the low inductorless lna. 

[87] – This work is about a LNTA front end receiver operating in 0.7-2.7 GHz. 

[88] – This work show the Mixer- First IIP3 + 33 dBm. 

[89] – This work discuss wideband common-gate LNA. 

[90] – This work show a blocker tolerant receiver. 

[91] – This work is about a passive RF front end with high linearity. 

[92] – This work show a low power reconfigurable LNA. 

[93] – This work is about a low power variable gain LNA. 

 

 


