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Abstract 

In Radio Frequency (RF) communication, a Power Amplifier (PA) is used to amplify the signal at the required 

power level with less utilization of Direct Current (DC) power. The main characteristic of class-E PA is sturdy 

nonlinearity due to the switching mode action. In this study, a modified design of class-E PA with balanced Metal 

Oxide Semiconductor Field Effect Transistors (MOSFETs) and high output power for Electronic Article 

Surveillance (EAS) Radio Frequency Identification (RFID) application is presented. MOSFETs are adjusted to have 

high output performance of about 80% for RFID-based EAS system. A matching network is also proposed for 

accurate matching because there are differences in the behavior between RF waves and low frequency waves. The 

design of a matching network is a tradeoff among the complexity, adjustability, implementation, and bandwidth for 

the required output power and frequency. The implemented PA is capable of providing 44.8 dBm output power with 

Power-Added Efficiency (PAE) of 78.5% at 7.7 MHz to 8.7 MHz. 
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1. Introduction 

In communication systems, Radio Frequency (RF) Power Amplifier (PA) is a key module of a transmitter. Therefore, it 

has been extensively studied for several eras [1-3]. The RF signal is fed to PA through an RF mixer for amplification, and then 

PA sends the amplified signal to the antenna through a band pass filter [4-7]. In comparison with the linear PA, switching PA 

has quite higher efficiency which theoretically achieves almost 100% and is most preferable for portable wireless 

communication systems. In the class-E function, the transistor behaves like a switch, thus the individual class-E PA is not 

proper for providing gain to Amplitude Modulated (AM) signal. However, for a fixed cover signal with simply phase 

information, class-E PA can be practical with academic drain efficiency as high as 100%. Moreover, class-E PA is usually 

occupied in Envelope Elimination and Restoration (EER) technique [8-10]. In class-E PA, no energy is wasted as heat in the 

transistors because there is no overlapping in drain voltage and drain current. The main characteristic of class-E PA is the 

sturdy nonlinearity due to the switching mode action. 

Although class-A, B, and C do not utilize rigid linear gain performance, the magnitude of input and output signals are 

relatable. Push-pull class-D voltage switching and current switching stages use series tuned resonant circuits or parallel tuned 

resonant circuits respectively, driven by two on-off switches [11-12]. In switching operation, when one transistor is ON and the 

other transistor is OFF at the same time, each transistor (switch) is in ON-state for half of the input signal. Therefore, push-pull 

amplifiers are efficient because of the switching transition, and there is a loss of efficiency at high frequencies [12]. It has been 
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observed that class-C PA works for less than a half cycle, and has higher noise effects and distortion [13]. Although such type 

of amplifiers has good efficiency, it suffers from poor dynamic range. In the case of a class-D PA, which is also recognized as 

a switching amplifier, it has less power loss because the active devices are kept fully off or fully on [14]. The class-E PA is 

more considerable for RF PAs designing because these amplifiers have higher efficiency than class-D and class-F [15]. In the 

case of class-F amplifier, drain current and drain voltage never overlap with each other [16]. 

In this study, a theoretical analysis and complete design of class-E PA with balanced Filed Effect Transistors (FETs) for 

high output power and high efficiency of Radio Frequency Identification (RFID) application is presented. The proposed PA is 

designed for 7.7 MHz to 8.7 MHz. The main purpose of the presented PA is to maximize Power-Added Efficiency (PAE) and 

enhance the output power at desirable levels. The remaining composition of the study is as follows. Section 2 presents a brief 

summary of the performance estimation factors of class-E PA. Section 3 deals with a brief discussion on the proposed circuit 

operation of the PA and matching network. Section 4 presents the results and analysis of the proposed PA. Finally, in section 5, 

the conclusion drawn from this research is summarized. 

2. Performance Estimation Factors of Class-E PA 

For microwave engineers, it remains challenging to design RF amplifiers with high efficiency and high power. In this 

section, the performance estimation factors are summarized. Some important factors are considered for designing class-E PA, 

which includes linearity, output power, power gain, PAE, and Power Utilization Factor (PUF). 

2.1.   Linearity 

When a transistor is used for amplification purposes in PA because of its nonlinear behavior, there will be a distortion 

component, namely Inter Modulation Distortion (IMD), at the output of PA. For characterization of PA’s linearity, 3rd order 

IMD is mostly used and expressed as: 
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2.2.   Output power 

The output power can be explained as the power which is transmitted to the antenna or towards the load of the PA at the 

tuned or selected frequencies. If the load at given frequencies is purely resistive, a generic resistor RL can be used to describe 

the load. Using a matching network after the amplifier stage, the load impedance can be converted into higher to lower and 

lower to higher configurations. 

Based on the above considerations, it can carry out power output basic calculations as: 
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where PT,inst is the instantaneous power at any time (t) with the average output power PT,avg as shown in Eqs. (3) and (4) 

respectively. If VT,max defined in Eq. (5) is the sinusoidal wave having amplitude (A) at the fundamental or tuned frequency and 

VT,rms is the RMS voltage value corresponding to that frequency, then PT defined in Eq. (5) is the power amplified and 

generated by the PA at the fundamental frequency. 

2.3.   Power Gain 

Let us consider that PIN is the RF power applied to the input of the circuit and PT is the power at output, then PIN and PT can 

be related to define the power gain (G) of the PA as the ratio of PIN and PT. The gain of the PA is usually expressed in dB as 

depicted in Eq. (6). 
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2.4.   Power-Added Efficiency (PAE) 

Efficiency is one of the most considerable and fundamental characteristics of RF PA. An efficient PA not only lowers 

down the heat dissipation but also reduces power consumption. The power conversion from Direct Current (DC) to the RF 

power is characterized by amplifier Drainage Efficiency (DE), which is defined as the ratio between amplified power at the 

output of PA (PT) and the total DC power consumed by the last of the total stages of PA in a circuit (Pdc,drain ) and is expressed 

in Eq. (7). It is noted that the drain output for bipolar devices is referred to as the collector efficiency. If PIN is considered the 

input power driving each stage of PA and Pdc,drain consumed DC power, then another parameter related to efficiency which is 

called PAE must be introduced, and it can be expressed by the parameters PT and PIN as their difference in ratio with total 

power (DC) Pdc consumed by PA. The total DC power Pdc consumed is then defined as the sum of the total consumed DC 

power at the drain and the consumed DC power at a different section or stages (Ak) of the PA and is expressed in Eq. (8). 
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2.5.   Power Utilization Factor (PUF) 

In PAs, the high frequency transistors are the most expensive components, and the maximum utilization of device 

capability is accordingly desirable. PUF refers to a measure of effective use of the device capability (reference is made to the 

operation of the same device in class mode) and is expressed in Eq. (9): 
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3. Design of Class-E PA 

In microwave communication, a balanced amplifier is extensively used because of its improved stability as compared 

with a single ended amplifier. A balanced amplifier has lower noise and better input and output return losses than a single 

ended amplifier. In the case of one branch failure, it reduces the performance operation of PA. Noise figure and gain will 
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degrade about 3 dB only instead of completely out of service. The proposed structure of class-E PA with balanced FETs is 

shown in Fig. 1. This work proposes a compromised topology that achieves high output power and high efficiency. Fig. 1 

shows a structure of balanced amplifier where two similar single ended amplifiers are connected in parallel in each branch. 

Transistors M1 and M2 are used for RF signal amplification. L1 and L2 are RF chokes which are used for isolation of RF signal 

and VDD and allow only DC signal. The amplified signal of each single ended amplifier is then combined by a power 

combiner network. To achieve higher output power from a PA, several active devices are used in parallel or push-pull 

configuration. The transistors Q1 and Q2 and the transistors Q3 and Q4 serve as two separate gate driving circuits for M2 and M1 

respectively. At higher frequencies, gate driver circuits are used for proper switching at Metal Oxide Semiconductor Field 

Effect Transistors (MOSFET). In this work, a square wave is used as an input signal to drive PA. For designing the gate driving 

circuits, the frequency of the driving signal is the most considerable factor. For this case, it needs to get the switching speed 

which is about 100 ns. 

 
Fig. 1 The proposed class-E PA 

Most PAs in RF ranges are specified to the transformation of power into a load containing an input impedance of 50 Ω. It 

can be designed easily a perfect matching network at precisely one frequency. However, since transmission lines and lossless 

matching networks are designed with the help of reactive elements, it is observed that the change of frequency is the cause of 

mismatch of the circuit. There are two kinds of effects of an inductor’s parasitic resistance that can affect the ideal power 

transformation, i.e., the mismatches of the impedance and direct power loss of the network. Therefore, some power of the RF 

signal is reflected and cannot reach the output. Here network reflected power and power loss can be denoted as Pref and Ploss 

respectively. Also, the power available from the source (VS) can be written as PAV, the input power at the matching network 

can be written as Pin, and the output power loss at RL is denoted as Pout. Thus, because of energy conservation, the expression is 

as given in Eqs. (10) and (11). 
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The proposed matching network is depicted in Fig. 2(a). To obtain the frequency response as shown in Fig. 2(b), linear 

networks are used which are also known as band-pass or band-stop filters. In this case, by transforming the poles and zeros of 

the network, the filter is designed. First, the normalized approximated values are selected for inductors and capacitors at the 

required N (N is the order of the filter). Then, the normalized band-pass frequency variable (Ωbp) from the given Eq. (12) is 

evaluated. 
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(a) Impedance transforming band-pass filter  

 

(b) Frequency response of matching network  

Fig. 2 The proposed matching network and it’s response 

By applying the transformation of the approximated low pass values (LnCn) to the band-pass LC section, the prepared 

series and shunt pairs (LbCb) are expressed as Eqs. (13) and (14). 
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Fig. 3 The proposed class-E PA module with matching network  

The balanced amplifiers are more stable as compared to single ended PAs. The complete schematic of the proposed 

class-E PA module with matching network is depicted in Fig. 3. The actual load at both ends (input and output) of PA will not 

affect the load to the branch amplifiers too much. While the single ended amplifier is loaded with actual load and the amplifier 

may be unstable for some frequencies ranges. In addition, the balanced amplifiers have more redundancy functions and high 

reliability. The balanced amplifiers have some disadvantages which are: 

(1) Difficult integration because the component counts, power divider, and power combiners are doubled. 

(2) Balanced amplifiers are expensive because more components are used. 

However, due to the higher stability and high performance, balanced amplifier is the best choice for RF and microwave 

engineers for high end amplification in RF/microwave infrastructure applications. Advantages and disadvantages of a balanced 

amplifier in comparison with single ended amplifier are summarized in Table 1: 

Table 1 Summary of advantages and disadvantages of the balanced amplifier 

Parameter Balanced amplifier Single ended amplifier 

Input/output return loss Excellent Fair 

Size Large Small 

Reliability 2 time higher - 

Performance stability in temperature Excellent Poor 

Performance stability with component 

variation 
Excellent Poor 

Unconditional stable Easy Difficult 

Cost Expensive Cheaper 

Integration Difficult Excellent 

4. Results and Discussion 

The proposed PA is designed by using Altium designer and LTspice circuit simulator. The performance of PA can be 

affected by the parasitic components. In the proposed design, no energy is wasted as heat in the transistors because there is no 

overlapping in drain voltage and drain current. The voltage and current waveforms (Figs. 4 (a) and (b)) assure the high 

efficiency of the power module. 

Fig. 5(a) depicts the simulated results of Signal Integrity (SI) analysis which is performed by using Altium designer. The 

PCB layout of the proposed power module is given in Fig. 5(b). SI refers to the quality of signal on the track, and is able to 

respond with the accurate timing and voltage in the circuit. In the circuit design, the normal operation of any device can be 

affected by SI issues. These issues contain overshoot, reflection, cross talk, delay and timing errors, EM radiation, and some 

other factors. 
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 (a) MOSFET M1 

 
(b) MOSFET M2 

Fig. 4 Simulated waveforms of drain voltages and drain currents  

 

 

(a) Signal integrity analysis  

Fig. 5 Signal integrity analysis of the proposed PA 
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(b) PCB layout of PA module 

Fig. 5 Signal integrity analysis of the proposed PA (continued) 
 

 

 

Fig. 6 Insertion and return loss characteristics  

 

 

Fig. 7 Pout and PAE versus frequency  

It can be seen from Fig. 6, the return and insertion loss shows the effective performance of the band-pass matching 

network. Fig. 7 illustrates the output power and PAE performance versus frequency. It can be seen that the output power is 

stable during the desired frequency band.  

Finally, we compare the performance of the proposed amplifier with previously reported work, as shown in Table 2. The 

topology of the previous work is similar but used for different applications.  

Table 2 Performance analysis with previous work 

Ref. Frequency Pout (dBm) PAE (%) Application 

[17] 2.14 GHz 46.02 67.4 WCDMA base station 

[18] 2.5 GHz 21.46 64 Low power applications 

[19] 1.5-2 GHz 30.7 45.6 - 

[20] 1850-1910 MHz 28 41 3G handset application 

This work 7.7-8.7 MHz 44.8 78.5 EAS RFID application 
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5. Conclusions 

In this study, a modified balanced MOSFET class-E PA with high output power and high efficiency for RFID-based EAS 

system is analyzed and implemented. The proposed power module is designed and simulated by using MOSFETs from Vishy 

siliconix for the frequency band of 7.7 MHz to 8.7MHz. The results demonstrate a saturated output power of 44.8 dBm and a 

PAE of 78.5% at desired frequency operation. Additionally, the proposed matching network transforms the maximum power 

towards the load. From the results, it is verified that the proposed power module can deliver higher output power and higher 

efficiency performance than the amplifier using single ended topology for RFID applications. 
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