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Abstract: This review paper presents a comprehensive study of commonly used power 

amplifier (PA) structures. In recent years, with the development of modern wireless 

telecommunications and their dramatic challenges, new requirements are needed. In 

addition, some applications, like cell phones and tablets, for example, need new 

considerations, especially in terms of power consumption. Also, linearity is another major 

factor in designing a PA. Furthermore, fabrication technologies such as complementary 

metal-oxide semiconductors (CMOS), silicon on insulators (SOI), gallium nitride (GaN), 

gallium arsenide (GaAs), etc. play a crucial role in terms of power consumption. Therefore, 

it is necessary for PAs to meet these considerations. This paper reviews design 

considerations, fabrication technologies, and common PA structures, including envelope 

tracking (ET), envelope elimination and restoration (EER), Doherty, linear amplification 

with nonlinear components (LINC), feedback, and feedforward linearization techniques 

with their pros and cons. This review focuses on the significant achievements, techniques, 

structures, and characteristics of each. Also, this review focuses on the significant 

achievements, techniques, structures, and characteristics of each. Also, this paper tries to 

provide a brief overview of the various methods with the advantages and disadvantages of 

each. This review paper tries to make readers familiar with common structures so that 

readers know the advantages and disadvantages of each and choose the desired structure 

based on their priorities. 

Keywords: power amplifier (PA); linearization technique; wireless telecommunication; 
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1. Introduction 

The power amplifier (PA) is a crucial module of a transmitter, playing a key role 
in the quality of the transmitted signal and total power consumption of an electronic 
device like cell phones and tablets, for example. PA is one of the most power-hungry 
building blocks in a transmitter [1]. In addition, it has an important role in linearity. 
Operation frequency and output power play vital roles in PAs. According to operation 
frequency and output power, fabrication technology is chosen. Therefore, setting 
priorities is crucial. In other words, factors like output power, fabrication technologies, 
and operation frequency are crucial to designing a PA with great performance in terms 
of linearity and efficient power consumption. Also, the fabrication cost and area 
occupation are two limiting factors in using technology. Hence, the CMOS technology 
is trendy. However, this technology faces output power limitations. 

On the other hand, there is a constant trade-off between efficiency and linearity. 
Therefore, it is necessary to find structures that can achieve the best performance in 
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terms of linearity and efficiency simultaneously. Usually, the methods can improve 
one of the challenges. 

Generally, PAs are divided into two categories: linear and switching structures. 
Typical PAs, including linear and switching PAs, face some problems that limit their 
use in new considerations, especially in terms of new linearity requirements. Linear 
PAs including A, B, C, and AB classes provide good linearity in theory, but they cannot 
provide theoretical performances in practical experiments. Also, switching PAs, 
including D, E, and F classes, as the prominent switching PAs, provide good efficiency 
in theory, but they cannot present the theoretical performances in practical 
experiments. Thus, structures are needed that can improve the linearity and efficiency 
of the PAs. 

Modified structures usually improve linearity or efficiency. The methods that 
came up to overcome the linearity problems may decrease efficiency and increase the 
complexity and power loss of the structures. Methods like ET, EER, and LINC have 
been proposed with the major goal of improving efficiency [2–15], and methods such 
as Doherty, feedback, and feedforward have come up with the main goal of improving 
linearity [16–19]. 

On the other hand, each standard imposes some requirements on the structure, so 
it is necessary to pay attention to them. For example, some standards like IEEE 
(Institute of Electrical and Electronics Engineers) 802.11.b use signals with a high 
peak-to-average power ratio (PAPR) around 10 dB [20] or the PAPR of the LTE is 
around 6–8 dB, which leads to new design considerations for achieving good linearity 
and efficiency. Each standard or application imposes some linearity requirements in 
error vector magnitude (EVM) and adjacent channel power ratio (ACPR) parameters, 
which are different from one standard or application to another standard or application, 
which creates challenges in the design of PAs. In addition, different standards employ 
various modulation types, leading to different effects. For instance, modulation based 
on a non-constant envelope, such as quadrature amplitude modulation (QAM), has 
high PAPR. High PAPR leads to extra power loss when the PA uses a fixed power 
supply. 

Choosing an appropriate technology for the PA is important in terms of its output 
power and operation frequency as two major factors in transmitter structure. Various 
technologies have been developed. Technologies like GaN and LDMOS (Laterally 
Diffused Metal Oxide Semiconductor) are appropriate for high output power, for 
example, more than 10 W. CMOS technology is one of the best choices for integrated 
circuits (ICs), which has many commercial uses because of the lower cost than other 
technologies. However, it cannot provide high output power. 

This paper reviews different considerations, including standards, technologies, 
and various structures. This paper talks about the different methods with their 
advantages and disadvantages. In addition, it also addresses design considerations and 
commonly used technologies. In other words, this review paper focuses on the 
significant achievements, fabrication technologies, various techniques to improve 
linearity and efficiency, and their features. 
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2. Considerations 

Fundamentally, designing each building block involves some considerations. In 
power amplifiers, there is always a trade-off between linearity and efficiency. In most 
electronic gadgets, the issue of power consumption reduction is one of the hot topics. 
Therefore, the decreasing power consumption of PAs is significant. 

On the other hand, standards and modulations also impose requirements on the 
PAs. Thus, it is necessary to know these considerations. These considerations include 
power consumption, linearity, standards, and modulations, each with its own 
challenges. 

2.1. Power consumption, linearity, and technology 

Power consumption and linearity are two main challenges in the design of PAs. 
Especially in new applications like mobile phones and other smart gadgets, power 
saving is one of the most popular demands from users and companies. To be more 
specific, in any system that includes transceivers and uses batteries, reducing power 
consumption and energy management are very important. Therefore, you can see the 
competition between companies to make energy-saving devices. Also, this trend is 
expected to continue in the future because using electronic devices like smart gadgets 
is increasing. Thus, designers and researchers have to meet this demand. PAs are one 
of the most power-hungry building blocks in transceivers. Hence, decreasing power 
loss in this block plays a vital role in the total power consumption of a device. 

On the other hand, the quality of the transmitted signal is vital, especially in 
modern wireless telecommunications and new standards like 5G and 6G, because 
these standards need a certain linearity. For instance, 5G usually requires EVM (Error 
Vector Magnitude) to be less than 5.6%. Modern wireless communications need to 
meet more stringent requirements. Furthermore, because of the crowded frequency 
spectrum, the power amplifier has to have a high-purity frequency spectrum. 
Otherwise, the amplified frequency band acts as a noise for other sidebands. Therefore, 
the requirements related to adjacent channel power ratio (ACPR) are critical in PAs. 

Applications and technologies play a crucial role in terms of power consumption 
and available frequency. Fabrication technologies face limitations in providing output 
power and operating at high frequencies. According to the design requirements in the 
field of output power and operation frequency, the technology should be selected. 
Therefore, these two factors are limiting factors in the design of a PA. In smart gadgets, 
CMOS, because of the ability to integrate and lower power consumption, is a prevalent 
technology. Moreover, usually for smart devices or IoT, the emitted power does not 
exceed 2 W according to the regulations. GaN and LDMOS are popular technologies 
when the goal is to send data over long distances with high output power. 

For output power up to 2 W and an integrated circuit, complementary metal-oxide 
semiconductor (CMOS) is the best choice. Silicon on insulator (SOI) is another option 
because this technology has very little current leakage [21]. Therefore, it is a suitable 
option to decrease power loss. Furthermore, because of its lower parasitic capacitance 
compared with CMOS technology, it has a better frequency response. But this 
technology suffers from heat from isolation. Although both technologies are suitable 
for integrated circuits, it is almost impossible to use them for an output power of more 
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than around 2 W. This challenge is intensified, especially in radio frequency (RF) 
signals. 

Gallium nitride (GaN) and laterally diffused metal-oxide semiconductors 
(LDMOS) are two useful technologies for high-power and radio frequency 
applications. The frequency range of gallium arsenide (GaAs) is better, but it has a 
smaller output power. Although new CMOS technologies like 65 nm and beyond 
almost overcome the challenge of radio frequencies, the challenge of high output 
power still remains. Figure 1 shows a comparison among several widely used 
technologies [22]. This figure somehow helps designers, regarding their own 
requirements, choose the appropriate technology. The most important parameters in 
PAs are output power, supply voltage, and frequency band. In the first stage, each 
designer must set the desirable output power and frequency band, and then based on 
these features, they can choose the appropriate technology. 

 
Figure 1. Comparison among several widely used technologies [22]. 

2.2. Standards and modulations 

Each of the standards and each type of modulation have its own requirements and 
challenges. 

One of the influential factors in choosing the type of power amplifier is the type 
of signal modulation. In constant envelope modulation, it is possible to use switching 
and linear PAs. Figure 2 shows using nonlinear PA for a variable envelope modulation 
leads to spectral regrowth [23]. Therefore, variable envelope modulations usually need 
linear PAs. In fact, the power efficiency of PA in the transmitter is related to the type 
of PA used in the transmitter, and the type of PA is related to the type of modulation. 

 
Figure 2. The effects of switching PAs on constant and variable signals [23]. 
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In order to achieve a high data rate with high spectral efficiency, modern wireless 
communication systems use a signal with a high peak to average power ratio (PAPR). 
For example, the PAPR of IEEE 802.11.a/b/g is around 10 dB. Also, the PAPR of 5G 
communication is around 10 dB [24]. Therefore, because of the high back-off in new 
standards, using a fixed supply limits efficiency. This challenge is one of the reasons 
for using variable power supply structures like ET and EER structures. 

3. Efficiency and linearity improvement techniques 

The role of a power amplifier in a transceiver is to transmit the desired signal 
with the least destruction. In other words, an ideal power amplifier has to be able to 
amplify a signal while maintaining linearity and high efficiency. Usually, classic 
power amplifiers cannot maintain linearity and efficiency simultaneously. Therefore, 
in the past decades, several methods have been developed to answer these demands. 
Each of the methods has its own advantages and disadvantages. Typically, these 
techniques are divided into two categories. The techniques that improve linearity, like 
feedback and feedforward architectures, and the techniques improving efficiency, like 
ET, EER, and LINC structures. 

3.1. Classic power amplifiers 

Classic PAs are divided into two categories. Linear PAs provide high linearity 
and low efficiency. In contrast, switching PAs have high efficiency with low linearity. 
However, these features are in theory, and the situation is different in practice. In 
practical situations, neither conventional linear amplifiers have good linearity nor 
switching amplifiers have high efficiency. Hence, it is necessary to improve 
conventional PAs. Table 1 shows a comparison between classic PAs. This table 
presents the features of classic power amplifiers in theory. Obviously, in practical tests, 
the results are much worse. 

Table 1. Comparison among different classes. 

Class Efficiency (%) Conduction angle (degree) 

A 50 360 

B ~80 180 

AB 50–80 180–360 

C 80–100 <180 

The transistor in Class A is always on. Class-A has the highest fidelity to the main 
signal in the theory. In Class-C, efficiency increases with decreasing conduction angle, 
and it leads to reduced linearity. This class is suitable for structures like Doherty that 
need an auxiliary amplifier that is sometimes turned on. Class B faces distortion 
caused by zero-crossing. Class-AB does not have the problem of zero-crossing 
distortion because of the greater conduction angle than class B. Because of using 
pulse-shaped signals in switching PAs, the conduction angle is near 0°. In theory, the 
efficiency of this type is near 100%. In practical tests, as a result of power loss in 
matching circuits and transistors, efficiency is much less than the theoretical value. 
Therefore, to achieve better results in terms of linearity and efficiency, classic PAs 
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need some methods to improve the results of efficiency and linearity. 
Today, classical PAs are usually used in a hybrid structure such as Doherty, LINC, 

ET, and EER, and it is expected that the use of them alone will be less common in the 
future. Of course, this does not mean eliminating structures based on just a classical 
PA. Rather, hybrid structures are expected to play a more important role in the future. 

3.2. Solutions for variable power supply and reducing power loss 

Usually, modern wireless communications use a high peak-to-average power 
ratio (PAPR). Table 2 shows some standards with their PAPRs [25,26]. Therefore, 
using a fixed power supply like conventional PAs leads to a high power loss, as shown 
in Figure 3a. Thus, this approach is not efficient [27]. Hence, by using a variable 
power supply like Figure 3b, the power loss of a PA dramatically decreases. 

Table 2. Standards and their PAPRs [25,26]. 

Standards Modulation type PAPR (dB) 

4G-LTE Various 5.5–9 

WiFi 256-QAM 9.6 

HSUPA 16/64-QAM 5–7 

UMTS QPSK 3–5 

EDGE 8-PSK 3–4 

 
Figure 3. Comparison between (a) fixed; and (b) variable power supply. 

Regarding some standards, like mobile communications using signals with high 
PAPR [28], for instance, the PAPR of 5G communication is around 10 dB [24]. 
Therefore, some methods need to be able to implement a variable power supply that 
can track the envelope of the signal with high accuracy in order to overcome the extra 
power loss. In fact, the envelope of the signal is considered as the power supply in 
these techniques. 

Regarding Figure 3 and Table 2, using a fixed supply leads to a high power loss. 
Therefore, some techniques like envelope tracking and envelope elimination and 
restoration came up using the variable power supply in order to overcome extra power 
dissipation. 

To make a variable power supply, a block is needed. This block in ET and EER 
structures is called a modulator, with its own features. In other words, this block 
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amplifies the envelope of the main input signal as a variable power supply as the 
supply of the main PA. The modulator must have a high slew rate, and the bandwidth 
of the modulator must be 4 to 5 more than the envelope bandwidth as well [1,2] to be 
able to track the envelope with high accuracy. Envelope tracking (ET) and envelope 
elimination and restoration (EER) are the two most popular structures for variable 
power supply structures. 

3.2.1. Envelope elimination and restoration (EER) 

This technique was presented by Kahn in 1952 [3]. In this method, the input RF 
signal (radio frequency) is divided into two paths, which is shown in Figure 4. 

 
Figure 4. EER structure. 

In a path, the envelope of the input signal is divided and amplified by a modulator. 
This amplified signal is applied to the main PA as a variable power supply. And in the 
second path, the RF phase of the input signal is amplified by a switching PA. Because 
of using a switching PA as a main PA, this technique has a high efficiency. The main 
purpose of this technique is to increase efficiency in the first place. 

But this technique faces some challenges in terms of linearity. As a result of using 
a switching PA, this structure is not suitable for a non-constant envelope. Using this 
structure leads to increased spectral regrowth for a variable envelope signal. Another 
challenge in this structure is a mismatch between the two paths. Therefore, in order to 
overcome this challenge to some extent, a delay line is usually used to equalize the 
delay between the two paths to some extent. 

3.2.2. Envelope tracking (ET) 

The ET technique is a popular method to improve the efficiency of Pas [26], 
especially when the input signal has high PAPR [29]. In other words, ET is another 
technique to provide a variable power supply, shown in Figure 5. 

 
Figure 5. ET structure. 
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In contrast to the to the EER technique, this structure does not need to separate 
the envelope and phase of an RF signal in the path of the main PA. Thus, to some 
extent, the problem of mismatch between two paths has been solved in this structure. 
Although there is a delay between the two paths still. In this technique, the envelope 
of the RF-input signal is applied to the main PA as a variable supply. Therefore, this 
technique is suitable for signals with high PAPR and making variable power supplies. 
Also, the ET structure profits a linear PA as a main amplifier that causes this technique 
to be able to amplify RF-signal with variable envelope. However, the efficiency of ET 
is less than EER. In other words, although the efficiency of ET is less than EER, the 
linearity performance of this structure is better. 

3.2.3. Categories of creating a variable power supply 

There are two main concepts to implement variable power supply in ET and EER 
techniques, as shown in Figure 6. 

 
Figure 6. Variable power supplies (a) continuous; (b) multilevel. 

In the first method shown in Figure 6a, the envelope of the signal is followed 
momentarily, and the power supply is applied accordingly. Although this method has 
the least amount of losses, the complexity of the structure is higher. There are three 
structures for implementing variable power supply, including linear, switching, and 
hybrid modulators, shown in Figure 7. 

 
Figure 7. ET modulator structures: (a) linear; (b) improved linear; (c) switching; (d) 
simple hybrid modulator [2,4,30,31]. 
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To implement a variable power supply, a modulator is used. The linear modulator 
uses a linear amplifier shown in Figure 7a. This type has high bandwidth, but because 
it uses a linear amplifier, it suffers from low efficiency. In order to achieve high output 
current in the output of the modulator, some works, like reference [4], use several 
parallel linear amplifiers to achieve a large current by summing the current of each, as 
shown in Figure 7b. 

Switching modulators employ switching amplifiers. The perk of switching 
modulators is their high efficiency. This type usually has low bandwidth and linearity. 
Especially in CMOS technology, the bandwidth is not wide because of the limiting of 
switching speed, though the switching modulator is efficient [30,32,33]. The block 
diagram of the switching modulator is shown in Figure 7c. 

Hybrid modulators benefit from both the advantages of linear and switching 
modulators. Hybrid modulators consist of a linear amplifier to track the envelope of 
the input signal and a switching amplifier to amplify the signal and provide the main 
output current [5,6]. This type of modulator can be suitable for applications with high 
PAPR and wide bandwidth signals [30,31,34,35]. A simple hybrid modulator is shown 
in Figure 7d. 

All in all, for today’s wireless communication standards, considering that they 
need a large bandwidth around the center frequency and also use signals with high 
PAPRs, a hybrid structure is the best choice to follow the signal with high accuracy 
and provide good efficiency. In a hybrid modulator, the linear amplifier should have a 
high gain-bandwidth, high slew rate, and low output impedance [1]. In order to reduce 
the distortion of the envelope, the bandwidth of the hybrid modulator should be 4 to 6 
times higher than the bandwidth of the envelope of the input signal [2]. To track the 
envelope of the signal with high accuracy to decrease power loss, the minimum slew 
rate is defined in [36]. 

Slew rate  = 2π × (4 to 6 signal BW) × (
ଵ

ଶ
Vpeak-to-peak) (1) 

where, BW and Vpeak-to-peak are the bandwidth of the input signal and the maximum peak 
to peak voltage of the output signal. 

To reduce output ripples, according to Equation (2), output impedance of linear 
amplifier should be low at switching frequency [1]. 

Vout_ripples = Iswitching × (RLoad||Zout_linear amplifier) (2) 

where, Iswitching, RLoad and Zout_linear amplifier are the current of switching stage, the load 
resistance, and the output impedance of the linear amplifier. 

In the second method shown in Figure 6b, the envelope is divided into several 
levels, and the power supply is applied according to these levels. This method is 
implemented by using a number of switches [7–11] and is somewhat simpler than the 
first method, but the amount of power loss in this method is higher. Figure 8 shows a 
simple structure of this type [8]. 

 
Figure 8. A simple multilevel structure [8]. 
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3.3. A solution to overcome envelope variations 

One of the challenges in some standards and modulations is using variable 
envelopes. Moreover, these signals usually have high PAPR, especially in 5G 
communications [37–39]. Therefore, several techniques are proposed to answer this 
challenge to be able to achieve high efficiency from peak to back-off power levels 
[40,41]. Some techniques, such as ET and EER, use a variable power supply. Some  
other techniques propose another method to overcome this challenge. 

The main idea of these structures is to overcome changes in the envelope of the 
input signal. These techniques decompose a signal with a variable envelope signal into 
two signals with a constant envelope with different phases. Therefore, two signals with 
constant envelopes are created. 

This idea titled outphasing in 1935 by Chireix was presented [12], then in 1974, 
a structure based on this concept called linear amplification with nonlinear 
components (LINC) by Cox was published [13]. Both references used this concept. 

Figure 9 shows the basic concept with a block diagram. 

 
Figure 9. Block diagram of outphasing. 

This technique uses two switching PAs in each path. Therefore, in theory, the 
efficiency of LINC or outpacing is 100%. This technique is one of the most popular 
techniques to achieve high efficiency. 

Implementation of this technique faces some challenges. Because of separating 
the main signal into two signals, there is a mismatch between the two paths, leading 
to spectral regrowth [23]. On the other hand, losses in the output summing device lead 
to decreased efficiency. Designing a high-efficiency combiner plays a vital role in 
improving the efficiency of outphasing Pas [40]. Generally, when a structure uses 
several separated paths that are finally combined to create the final amplified signal, 
the mismatch of paths is usually problematic. Moreover, output summing devices in 
these structures may lead to linearity challenges. In addition, because of using the 
separator and summing device, implementation of LINC in CMOS integrated circuits 
is challenging, and besides losses and linearity challenges, they typically occupy a lot 
of space on the chip. Therefore, the efficiency of this structure never reaches its 
theoretical value. Also, the use of switching PAs increases the possibility of linearity 
challenges, including spectral regrowth. Thus, outphasing PAs usually needs to 
improve linearity requirements. For instance, some works [14] use linearization 
techniques such as pre-distortion in order to improve ACPR. 

The study of Chang et al. [15] with the use of Class-F and harmonic termination 
as switching PAs in two paths shown in Figure 10, and the study of Afanasyev et al. 
[14] with pre-distortion technique try to improve the linearity of the structure. In the 
study of Afanasyev et al. [14], the error vector magnitude (EVM) of the structure has 
improved by about 8%. 
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Figure 10. Simplified block diagram of the proposed outphasing power amplifier 
[15]. 

3.4. Solutions to improve the linearity and efficiency 

3.4.1. Doherty 

With increasing input power, the output power of the PA increases. This increase 
has a certain maximum value. In other words, after a certain amount of input power, 
the output power of the PA is saturated. In PAs, there is a point called the 1-dB 
compression point (1-dBCP), which is the beginning of the nonlinear region for power 
amplifiers. The increase in 1-dBCP allows the PA to operate over a wider range of 
input power with low nonlinear effects. 

In 1935, William H. Doherty proposed a structure [16] that is still very popular 
because of its simplicity [42]. The main purpose of the proposed structure is that when 
the main amplifier is saturated, an auxiliary amplifier is added, and it causes the 
saturation to occur later, and the PA has been high efficiency from peak to back-off 
power levels [42–54]. Conventional Doherty PAs are suitable for signals with 6 dB 
back-off [55]. Figure 11 shows Input/output characteristics and a conceptual block 
diagram of a Doherty PA. 

Doherty PA

Main PA

Auxiliary PAO
ut

pu
t P

ow
er

Input Power

λ/4λ/4

Power
Splitter

Linear PA

Class-C

Main PA

Auxiliary PA

RF in

RF out

(a) (b)  

Figure 11. (a) input/output characteristics; (b) conceptual block diagram of a 
Doherty PA. 

In its basic structure, a Doherty PA consists of the main amplifier (Class-A, B, 
AB), the peaking auxiliary PA (Class-C), and the phase adjuster (quarter-wave 
transmission line). In low power, the peaking amplifier is in the cut-off region, and it 
operates as an open circuit. As the signal amplitude increases into medium and peak 
power, the auxiliary amplifier becomes active and prevents the drop in output power. 

Implementation of transmission lines in CMOS Doherty PA is very challenging. 
Moreover, these transmission lines have considerable losses, leading to decreased 
efficiency. Additionally, as a result of using linear PA as main and auxiliary amplifiers, 
conventional Doherty PAs face some challenges in terms of efficiency. Therefore, in 
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some works [17–19], by combining amplifiers of different classes, especially 
switching PAs along with linear PAs, they use the advantages of each and improve 
efficiency and linearity at the same time. For example, using a Class F PA, by 
manipulating the waveforms, the structure minimizes the overlap between the voltage 
and current waveforms and improves efficiency [17]. The study of Nasri et al. [56] 
uses Class-J for main and auxiliary PAs and manipulates the waveforms. Figure 12 
shows the block diagram of an improved Doherty PA based on combining PAs. The 
linearity of Doherty PA can be improved by the pre-distortion technique [17]. The 
study of Chen et al. [42] proposes a new load modulation combiner to have the 
capability of back-off control. The proposed combiner consists of two transmission 
lines and a shunt element. At the peak power level, the shunt element becomes 
virtually open-circuited. This part controls the performance of main and auxiliary 
amplifiers. 

 

Figure 12. Block diagram of a Doherty based on combining PAs. 

3.4.2. Feedforward and feedback architectures 

In most cases, after amplifying an RF signal by a PA, the output signal suffers 
from problems such as distortion and spectral regrowth. Therefore, the amplified 
output signal cannot meet the linearity requirements in most cases. Hence, to improve 
linearity requirements like EVM and ACPR, linearization techniques are needed. 

The feedforward technique has a simple and effective idea. The basic concept is 
that the structure computes the difference between the main signal and the amplified 
signal. In other words, parts of the main signal after amplifying are degraded.  The 
purpose of this technique is to identify the degraded parts and then compare them with 
the main signal to produce a signal that is the amplified main signal with the best 
linearity [57–59]. 

 
Figure 13. Block diagram of a conceptual feedforward technique. 

Figure 13 shows the basic conceptual feedforward structure. In the first stage, 
the input signal must be amplified with a certain gain (A). In this section, the signal is 
somewhat distorted. Therefore, to eliminate the errors, it is necessary to compare with 
the original signal. In order to make a fair comparison, it is necessary to compare two 
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signals with the same conditions. Hence, the amplified signal must be attenuated by 

the same gain (
ଵ

஺
) so that the two signals have the same amplitude. By subtracting two 

signals from each other, the error is obtained. Now, the error is amplified by the same 
gain (A) then it is subtracted from the signal amplified by the main PA. Thus, the output 
signal is amplified without any error. 

Because of using two separate paths, there is a probability of a mismatch between 
the two paths. Moreover, there are different time delays among paths. Therefore, the 
structure needs to use delay elements to synchronize paths. Figure 14 shows an 
improved feedforward architecture. 

 

Figure 14. Block diagram of an improved feedforward architecture. 

Although this technique has good performance in theory, it suffers from some 
challenges. Whether the delay elements are active or passive, they introduce losses. 
On the other hand, the loss of the subtractors degrades the efficiency. Phase mismatch 
among paths and the subtractors performances lead to non-linearity [23]. 

Another technique is feedback architecture. In the feedback technique, the output 
signal compares with the main input signal [60–62]. Figure 15 shows the feedback 
architecture. 

 

Figure 15. Feedback architecture. 

In this technique, in the main path, the main signal is up-converted by a mixer, 
and then the modulated signal is amplified by a PA. The output signal is obtained with 
error and distortion. This technique proposes that the output signal is compared with 
the input signal. Hence, it is necessary to down convert frequency so that comparison 
is possible. Determining the phase shift in the feedback path is challenging due to the 
dependence on temperature and the manufacturing process [23]. Usually, feedback and 
feedforward are rarely used in RF and mm-wave because they cannot handle the signal 
bandwidth used in today’s communications, like 5G. 
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5. Conclusions 

This review paper presents a study of commonly used power amplifier structures, 
fabrication technologies, design considerations, and new linearity requirements. 
Linearity and power consumption are the two most important requirements in many 
applications, like cell phones and tablets, for example. Fabrication technologies such 
as CMOS, SOI, GaN, GaAs, and LDMOS play a vital role in terms of power 
consumption. This paper reviews some commonly used fabrication technologies, their 
roles in power consumption, and their pros and cons. Technologies like CMOS and 
SOI are suitable for smart gadgets that need ICs with less than 2 W of output power. 
Because of the ability of CMOS to integrate and lower cost, it is a prevalent 
technology. SOI is similar to CMOS. The perk of SOI is its low current leakage, 
leading to lower power consumption than CMOS. Moreover, because it uses an 
isolator layer, this technology has lower parasitic capacitance compared with CMOS 
technology and has a better frequency response. But this technology suffers from heat 
caused by isolation. GaN, GaAs, and LDMOS are suitable for applications with high 
output power. Especially, GaN and LDMOS are popular technologies when the goal 
is to send data over long distances with high output power. Although the frequency 
range of GaAs is better, it has a smaller output power. Moreover, this review paper 
focuses on design considerations and linearity requirements. In modern 
telecommunication systems such as 5G, the PAPR of the signal is about 10 dB. 
Furthermore, they use complex modulations, leading to high PAPR. These cause some 
challenges. High PAPR causes the use of a fixed power supply to lead to extra power 
loss. Variable power supply methods, including envelope tracking (ET), envelope 
elimination, and restoration (EER), came up to overcome the extra power 
consumption. Other methods, such as Doherty, outphasing, feedback, and feedforward 
techniques, focus on linearity requirements. Implementation of transmission lines in 
CMOS Doherty PA is very challenging. Hence, its use in CMOS ICs is limited. Since 
outphasing employs two switching amplifiers in its architecture, it can achieve high 
efficiency. However, implementation of this technique faces some challenges. Because 
of separating the main signal into two signals, there is a mismatch between the two 
paths, leading to spectral regrowth. On the other hand, losses in the output summing 
device lead to decreased efficiency. Because feedback and feedforward cannot handle 
the signal bandwidth used in today’s communications, like 5G, they are rarely used in 
RF and mm-wave. 
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