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Abstract— This paper introduces a new hybrid E/F power amplifier for 
subcutaneous applications. The proposed design is based on Amplitude Shift 
Keying (ASK) modulation technique with Industrial Scientific Medical (ISM) 
band operating at 135 kHz to avoid the tissue damage. The Hybrid E/F power 
amplifier combines the tuning network circuits and uses a control unit to 
control a selectable switch to choose the desired amplifier. The Amplitude Shift 
Keying modulator is proposed to supply the proposed hybrid amplifier with 
approximately constant DC voltage. The proposed power amplifier aims to 
provide an appropriate power to power the implantable devices and reduce the 
hardware of the subcutaneous devices depending on the specific applications. 

Index Terms— Class-E and F power amplifiers, Implantable Devices, Inductive Links, Control 
Units.   

I. INTRODUCTION 

    The power amplifier plays a vital role in low and high-frequency bands. It amplifies the input 
signal to a particular power level, which drives the transmit network circuit. The power efficiency is 
one of the critical factors in the design of the Power Amplifier (PA). Ultimately, when it comes to the 
power efficiency class E and F, amplifiers have a better output efficiency compared to these 
conventional amplifiers, such as class A, B, C, and D [1]. A concise comparison of the efficiency 
between different types of power amplifiers is shown in Table 1[2]. However, the principles of the 
power switch amplifiers that have been studied designed and which are appropriate for the biomedical 
purpose [2].  

The power amplifier is a switching amplifier that converts a low-level analog input signal into a 
high power, and it consists of three main stages: the input switching stage, the power amplification 
stage, and the output filter stage [3], [4]. To achieve this technique a pulse width modulation (PWM) 
takes the input signal, and converts it into a higher (squire waveform) switching waveform, which uses 
a comparator. When the voltage at the inverting input is more significant than at the non–inverting 
input, the output voltage is low, and when the voltage at the inverting input smaller than that at the non-
inverting input, the output voltage becomes high [5]. The output wave of the power amplifiers suffered 
from weakness due to the misalignment or variation in distance between the transmitted and received 
coils, and to solve the above issue a feedback control technique is used [6, 7]. Generally, there are three 
modulation techniques used in the biomedical applications such as Amplitude Shift Keying (ASK), 
Frequency Shift Keying (FSK) and Phase Shift Keying (PSK) where the ASK modulation technique is 
widely used in the implanted device due to its low power consumption and simple architecture design 
[8]. 

In general the class D, E and F power amplifiers are the most amplifiers used in biomedical 
applications due to their efficiency. The power amplifiers operated frequency must be with the ISM 
band to avoid the human tissue harm [8]. Many researchers and studies discussed and optimized the 
above amplifiers to increase the delivered power to the bio-implantable devices [9]-[14].  
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In this work, a proposed Hybrid E/F power amplifier combines the tuning network circuits and uses 
a selectable switch to choose the desired amplifier is presented. The operating frequency 135 KHz is 
selected according to the ISM band to avoid the human tissue damage. The proposed ASK modulator 
is also introduced to supply the proposed amplifier with approximately constant DC voltage and provide 
a modulated signal to the implanted devices. The results show that the output waveform is a very stable 
sinusoidal wave and the delivered power is higher when the selectable switch is chosen to select the 
class-F amplifier. 

TABLE 1. COMPARISON 0F CLASS POWER AMPLIFIERS EFFICIENCY 

Power Amplifiers Types Approximate efficiency (Theoretical) 
  Class A 35% 

  50% 
  65% 

  Class B 
  Class C 

Class D 
Class E 
Class F 

80%
90-95%

95%

II. CLASS-E POWER AMPLIFIER THEORY AND DESIGN

The first part of the Hybrid E/F Power Amplifier is the class-E power amplifier. In 
general, class E power amplifier technique is commonly used in wireless power 
transmission for biomedical and biotelemetry applications [2]. The implant system needs a 
highly efficient power amplifier to transmit the RF power signal, which modulates 
according to the control information from the reader, into the implant device. Hence, class 
E is a more suitable power amplifier as an element driver for the transmitter coil, with 
actual efficiency is about 90~ 95% [3]. A simple class E consists of a single pole MOSFET 
transistor switch with a shunt capacitor C2 parallel with series circuit R, L, C1 that achieves 
a constant current from the supply source as shown in Fig. 1. The Pulse width modulation 
(PWM) or the pulse generator takes the input signal and converts it into a higher (square 
waveform) switching waveform, which uses as a comparator as shown in Fig. 2.  

For optimum class-E PA design, a straightforward analysis approach is produced. This 
analysis aims to determine the shunt capacitor, which plays an essential role in class-E 
design. In Figure 2, assuming the MOSFET transistor (S) is turned ON with a 50% duty 
cycle. The switch control signal Vg imposes the amplifier swapping between ON and OFF 
states. When the switch in ON state, the current is flowing across the switch and shorts the 
shunt capacitor C2; when the switch in OFF state. In order to avoid the power dissipation 
due to either shorting the shunt capacitor, or voltage drop, which is crossed it, during the 
switching or when the MOSFET turns ON. 

When the class-E amplifier reaches the steady state hence, the averaged voltage across 
the switch is equal the inductor chock voltage (Vch). This makes the chosen value of the 
shunt capacitor is sensitive to the tank load and duty cycle. The larger tank load and larger 
turn off duty cycle need smaller C2 and more sensitive to the parasitic capacitance. The 
component values of class-E are shown in Table 2 and calculated as follow. As a first order 
estimation, when the duty cycle is 50%, the shunt capacitor calculated as given in (1) and 
the series capacitor C1 expressed as given in (2) [3]. 

ଶܥ  ൌ
ଵ
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Where      ߱ ൌ  ݂ߨ2
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The values of Lch can be found as given in (3) [8]. 

௖௛௢௖௞ܮ ൌ 	
଻ோ೗೚ೌ೏.೚೛೟

௙
 (3) 

FIG.1. THE SIMULATION OF CLASS-E-PA WITH MATLAB/SIMULINK 

FIG. 2. THE CLASS-E AMPLIFIER WITH NETWORK  

To obtain high power output drain efficiency, the quality factor of the self-inductance (coil 
L1) should be high and chosen Q = 100, and the value of k is equal 1.4 [15]. However, the 
quality factor of the load network affects the bandwidth of the RF transmitting signal to the 
reader and calculated as follows: 

ܳ௖௢௜௟ ൌ
ఠ௅೘ೌ೟೎೓

ோ೎೚೔೗
                                                         (4)

The quality factor of the tuned circuit (Load Network) in Fig.1 can be obtained by the 
equation below as; 

ܳ௡௘௧௪௢௥௞ ൌ
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TABLE 2. THE COMPONENT VALUES OF CLASS-E PA 

Choke. (µH) C2 (nf) R (Ω) C1 (nf) Transmit Coil (µH) 
150 23 1 3.3 150

III. CLASS-F POWER AMPLIFIER AND DESIGN

The second part of the Hybrid E/F Power Amplifier is the class-F power amplifier. 
Figure 3 shows the class-FPA which is commonly used to amplify the RF signals, which is 
given a high efficiency and low power consumption and dissipation: it can achieve a higher 
power compared to other traditional class amplifiers [16]. The fundamental operation of a 
class-F amplifier is similar to Class E PA as a switch power amplifier. The input square 
wave signal drain voltage is rich in odd harmonics the tuned filter network will remove the 
odd harmonics and the output RF signal, that provides a stable sine wave. Generally, it 
consists of three parts, the input matching circuit, switch transistor, and a filter network 
circuit. The output filter is used to control the harmonic content of its drain voltage or drain 
current waveforms thereby shaping them to reduce power dissipation by the transistor, thus 
allowing removal with a simple filter. The passive load network is designed to minimize 
current and voltage overlapping, and for overall efficiency, the switch frequency is much 
higher than the input signal band, which allows high frequency out of band components to 
be removed with a simple filter. The component values of class-F PA is given in Table 3, 
where the L1 and C2 tuned at a central frequency where the tuned circuit at the fundamental 
resonance can be defined in the mathematical expression as;  

ଵܮ ൌ
ோ

ఠொ
       (7) 

ଵܥ ൌ
ொ

ఠோ
    (8) 

The accurate removal harmonics from the input square wave signal gives the accurate 
sine wave output form with the LC tank circuit components. The transmitter coil voltage 
and the current in Fig. 3 can be defined as; 

௖ܸ௢௜௟ ൌ
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గ
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FIG.3. THE SIMULATION OF CLASS-F-PA WITH MATLAB/SIMULINK 

TABLE 3. THE COMPONENT VALUES OF CLASS-F PA 

Chock. (µH) C (nf) C1 (nf) C2 (nf) L1 (µH) Transmit Coil (µH) 
150 6.9 5.2 3 100 150

IV. PROPOSED HYBRID E/F POWER AMPLIFIER DESIGN

 In this study, a new hybrid power amplifier (HPA) designed by OrCAD PSpice 16.2 
software that uses the control technique to improve the power efficiency of the power 
amplifier is introduced as shown in Fig. 4. The control unit technique is used to convert the 
output wave signal from the sine wave into a square wave. This control unit can be a 
microcontroller PWM generator or conventional methodology using PLL–VCO which can 
be controlled by a control logic circuit (CLC), which is capable of controlling the selectable 
amplifier E or F. The controller adjusts the supply voltage of the hybrid E/F power 
amplifier. The duty cycle (D) of the PWM pulse is controlled by the PWM generator which 
is proportional to the RF input signal. 

The proposed Hybrid-PA combines the tuning network circuits and uses a selectable 
switch to choose the desired amplifier. In this work, the proposed ASK modulator is 
synthesized for driving the hybrid power amplifier by approximately constant DC voltage 
and additionally provides wireless power, whether data is present or not. The proposed 
Architecture of the ASK modulator is simple and involves two MOSFETs (M1 and M2) and 
can receive pseudo-random binary numbers (PN) or data from a personal computer (PC). 

Typically, the CLC drives the relay circuit. Furthermore, the feedback loop circuit 
captures the transmitted RF signal modulated or un-modulated, to monitor the carrier 
frequency signal, and perform the changeover between both amplifiers. The truth table 
demonstrates the state logic to control the desired amplifier can be explained in Table 4. 
The suggested criteria which make the controller switch between the class E and F power 
amplifier is can be performed by implementing the logic control circuit with VHDL code to 
perform the function to control switching. 
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TABLE 4. THE TRUTH TABLE OF THE PROPOSED CONTROL UNIT 

Enc-E/F Relay 1 Relay 2 Relay 3 Relay 4 
E-on 1 1 1 PN/PC
E-off 0 0 0 PN/PC
F-on 1 1 1 PN/PC
F-off 0 0 0 PN/PC

Eventually, the control command data can be interfaced from the PC to the reader 
through the ASK modulator, and also it can select one of the power amplifiers class E or F. 
However, the main goal of synthesis the hybrid power amplifier is to provide a suitable 
power delivered to the implantable devices and reduce the hardware circuit. 

FIG. 4. THE PROPOSED HYBRID E/F PA WITH ASK MODULATOR  

V. RESULTS AND DISSECTIONS  

This paper deals to design a proposed hybrid E/F power amplifier for subcutaneous 
applications based on ASK modulation technique with operating frequency 135 KHz. The 
main goal was to synthesize a highly efficient amplifier, which is reliable for medical 
purposes. Eventually, many parameters have to be considered in the design such as 
frequency stability and maximum transfer power. The switching power amplifier is chosen 
in this work, principally, the class E and Class F power amplifiers were studied and 
investigated in detail and simulated them with MATLAB/Simulink tools. However, the 
above two-switch power amplifiers were selected by combining these two power amplifiers 
in a hybrid design, to improve the performance efficiency of the transmitter power 
amplifier. 
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The output wave of the proposed hybrid power amplifiers suffered from weakness due 
to the misalignment or variation in distance between the transmitted and received coils, and 
to solve the above issue a feedback control technique is used to convert the output wave 
signal from the sine wave into a triangular wave. This control unit can be a microcontroller 
PWM generator or conventional methodology to control and select the desired amplifier. 
Besides, the proposed ASK modulator is synthesized for driving the hybrid power amplifier 
with approximately stable DC voltage ≈ 5 ± 1Vas shown in Fig. 5. 

FIG. 5. THE DELIVERED DC VOLTAGE FROM ASK MODULATOR TO THE HYBRID E/F PA USING ORCAD PSPICE 

SOFTWARE 

The MATLAB/Simulink environment is used to simulate and evaluate the performance 
of the class-E power amplifier module. Figure 6 shows the stable sinusoidal output 
waveform the carrier frequency is 135KHz with amplitude (340 Vpp) or ( Vrms 120V) at the 
drain supply voltage is approximately constant at 5V. The transmit power, in this case, is 2 
Watt. 

FIG. 6. THE SIMULATION RESULT WAVEFORM OF CLASS-E PA AT FREQUENCY 135 KHZ  

The module of the class F power amplifier was also simulated and evaluated by using 
the same tools MATLAB/Simulink environment. Figure 7 shows the stable sinusoidal 
output waveform with 135KHz of the carrier frequency with amplitude (397 Vpp) or ( Vrms 
140V) at the drain supply voltage is approximately constant at 5 V. The transmit power, in 
this case, is 3 Watt. 

To improve the performance efficiency of the transmitter power amplifier and reduce 
the hardware layout. The above class-E and class-F power amplifiers were merged in one 
Hybrid E/F power amplifier combines the tuning network circuits and four relays and uses a 
control unit to control a selectable switch to choose the desired amplifier.  
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FIG. 7. THE SIMULATION RESULT WAVEFORM OF CLASS-F PA AT FREQUENCY 135 KHZ  

The feedback control system was synthesized with microcontroller PWM techniques or 
conventional methodology and additional circuits were designed to convert the transmitted 
RF signal into a digital RF signal. Because of the coils misalignment, alteration in distances 
TX between the transmitting coil (Ltransmiter) and received coil (Lreceiver) has appeared. Hence 
the frequency was changed with respect to the distance where the carrier frequency shifted 
from 135 kHz up to 142 kHz, especially when the coils were moved closer together (1-
2cm). Figure 8 shows the relationship between the delivered power to the implanted coil 
(receiver) and distances. From the plotting simulation, the comparing of the received power 
between Class E and F power amplifiers in the Hybrid E/F shows that the efficiency when 
Class-F used is better than class-E. The proposed system is suitable for implantable nerves 
stimulator, cochlear implant and retinal implants where the distances between the coils less 
than 2 cm.   

FIG. 8. THE COMPARISON OF THE RECEIVED POWER BETWEEN CLASS E AND F POWER AMPLIFIER  
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VI. CONCLUSION

This study presents a new design of hybrid E/F power amplifier for biomedical purposes. 
The proposed design based on ASK modulation technique with Industrial Scientific Medical 
(ISM) band at operating frequency 135 KHz to avoid the tissue damage. The design consists 
of class-E and class-F power amplifiers and involves the tuning network circuits. The control 
unit is used to control and select the desired switch to choose the desired amplifier. The aim of 
the proposed power amplifier is to provide a suitable power to the implantable devices by using 
mutable power amplifiers. The simulation results show that the sinusoidal output waveform is 
very stable and the transmitted power is enough to power the implantable devices where class-
F has better efficiency than class-E. The proposed system is suitable for implantable nerves 
stimulator, cochlear implant, and retinal implants.   
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