
LINEARIZED CMOS HIGH EFFECIENCY CLASS-E RF POWER 
AMPLIFIER 

SAAD M. AL-SHAHARANI 
Department of Electrical Engineering 

King Fahd University of Petroleum and Minerals 
Box 185, Dhahran 31261, SAUDI ARABIA 

http://faculty.kfupm.edu.sa/ee/saadms/
 
Abstract: - This paper presents a CMOS class-E power amplifier that has a simple structure and exhibits high 
linearity. The amplifier operates at 900 MHz from a 2.5-V, and delivers 1-W output power with 80% drain 
efficiency. Simulation results show that 3rd and 5th IMD products of the proposed PA are lower than that of the 
conventional class-E amplifier by 14 dB and 9dB respectively. The proposed amplifier shows a good 
performance when tested with linear modulation scheme such as that used in North American Digital Cellular 
(NADC). 
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1 Introduction 
   Last few years have seen an increase in the 
popularity of the wireless communication systems.  
As a result, the demand for compact, low-cost, and 
low power portable transceivers has increased 
dramatically [1].  A proposed solution is single-chip 
radio transceiver realized in a low-cost CMOS, 
[2][3].  Since it is known that Radio Frequency (RF) 
power amplifier (PA) consumes most of the 
dissipated power within a transmitter, reducing its 
power consumption will improve the transceiver 
performance.   
 
   Due to its superior performance over the MOS 
transistors, Gallium Arsenide (GaAs) transistors 
have been used extensively to build high 
performance RF PA.  GaAs based PAs have several 
drawbacks: costly to implement, require high level 
power supply, and have large size.  On the other 
hand, CMOS power amplifier’s has a limited 
performance because of its low breakdown voltage, 
low current drive, and lossy substrate. In spite of its 
limitation, sub-micron CMOS prove to be a good 
candidate process for RF PA implementation. 
 
   Recently, several RF power amplifiers have been 
implemented in a low-cost digital CMOS technology 
[4-9].  These PAs were designed for constant 
envelop modulation scheme which are employed by 
various systems such as European standard for 
mobile communications and Advanced mobile phone 

system (AMPS). The reported amplifiers utilized 
switching classes amplifiers to achieve their high 
efficiency and output power.  
 
   Designing a high efficiency PA for a linearly 

modulated RF signal such as that used in NADC is 
not an easy task.  Traditionally, class A or AB 
amplifiers, which are backed off the compression 
point, are used in these systems.  As a result, these 
PAs have low efficiency and low output power.  
Another approach is using high efficiency switching 
amplifiers with an additional linearization circuit 
[10-11]. This technique resulted in an amplifier that 
has good linearity, efficiency, and output power. 
However, the required linearization circuits usually 
tend to be very complex and chip’s area and power 
consuming.   
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   The goal of this work is to design a simple linear 
CMOS RF PA, which can be used in NADC system.  
This amplifier is designed to achieve good 
performance in terms of linearity, efficiency, and 
output power.  Moreover, it does not require 
additional linearization circuit.    
 

2  Class-E Amplifier 
   The conventional configuration of class-E is a 
single-transistor amplifier as shown in Fig. 1. 
Transistor M1 operates as a switch; M1 is on half 
cycle and off in the other half. A heavily overdriven 
transistor realizes switching behavior required for 
class-E operation.  Moreover, an adequate load needs 
to be placed across the realized switch.  The analysis 
of the class-E amplifiers has been reported in several 
papers [12-16].  Equation (1), which describes the 
required ZL at the fundamental frequency, is obtained 
from [14].   Load at second and third harmonics need 
to be strong reactive load.  
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The resonance frequency of the load is designed to 
be slightly higher than the fundamental frequency for 
two reasons: To force the fundamental current only 
to pass to the load and to provide the transistor with 
the required inductive load. In [12] and [13] the 
maximum class-E frequency operation (fmax) for a 
given device can be respectively approximated as 
follows:  

DDT VC
I

f
⋅⋅

=
5.56

max
max  (2) (high choke inductor 

assumption [12]) 
   

T
chook Cf

L
⋅

= 2
max).2(
7436.0

π
 (3) (finite choke inductor 

assumption [13]) 
 Imax is the maximum current that the device can 
provide.  CT is the total capacitance across the 
transistor, which includes intrinsic capacitance, 
package effects and added capacitance if needed.  
Usually at radio frequency (RF) the intrinsic 
capacitance is adequate if not more than sufficient in 
some cases.  Therefore, CT puts a limit on the 
maximum operating frequency. As depicted in 
equation (3), fmax can be enhanced by using smaller 
choke inductor.   
 

   As mentioned in [17], the resonance frequency of 
the output loop has different values when M1 is on 
and when it is off.  This generates harmonic 
distortion. Steve and Toumazou proposed a new 
configuration for class-E, Fig. 2 [17].  Based on 
which transistor is on and which is off, this typology 
has the following resonance frequencies: 
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Harmonic distortion can be minimized by making w1 
and w3 equal to the operating frequency wo.  
Although this configuration can provide two equal 
resonance frequencies in both cycles, it generates 
other distortion frequencies, w2 and w4.  
 
Another disadvantage of Fig. 2, it uses a PMOS 
transistor.  It is known that PMOS transistors have 
lower transconductance gain and operating 
frequency compared to the NMOS transistors.  

 
3 Proposed Typology 
   Figure 3 shows the proposed class-E output stage.  
Ideally, M1 and M2 act as switches; one-transistor 
switches on and the other off alternatively every half 
cycle.  This typology uses NMOS transistors only.  
V1 and V2 have equal amplitude and are 180 degrees 
out off phase. By proper selection of Cp1 and Cp2, the 
resonance frequency will be the same in both half 
cycles, )/()((/1 ToToooo CCCCCLw +⋅+= .   
In fact, due to the non-ideality of the switches there 
will be still harmonic distortion.  This circuit is 
expected to generate less harmonics distortion 
compare to the other circuits. 
 
Advantages of the proposed circuit: 
• It uses the differential structure which results in 

lower drain peak voltage required to deliver 
certain output power compared to the 
conventional class-E.  This point was proved by 
simulation; two 1-watt PA circuits were 
implemented one uses the conventional typology 
and the other uses the proposed one.  The 
conventional and the proposed circuits have a 
peak voltage of 8V and 6.4V respectively.   
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Fig.4     Proposed class-E  PA 

• Another advantage, this amplifier has differential 
configuration, which results in high immunity to 
common-mode noise.  Substrate coupling is one 
of the main noise sources.  Moreover, this 
typology reduces the even harmonics generated 
by the switch non-linearity.  As a result, it has 
good linearity as will be shown in the result 
section.   

• This realization is very simple and doesn’t 
require complex linearization circuit.   

• It utilizes an n type FET. Hence can be 
implemented in other technologies such as 
GaAs. 

ws the drains voltage waveforms with 900 MHz 
input signal.  Output power and drain efficiency 
versus VDD and frequency are shown in Fig. 6, which 
show high output power and drain efficiency over 
wide range of frequency. Drain efficiency remains 
almost constant and grater than 77% when VDD is 
varied from 1.2V to 3V. Two-tone test is used to 
study the linearity of this circuit.  Fig. 7 depicts the 
thir the 

fth order IMD versus the two-tone frequencies 
acing.  The linearity of the conventional class-E 
as also tested to compare its performance to the 

 
  

4 Simulation 
   The proposed class-E circuit was simulated to 
study its performances. BSIM3 model were used to 
model the performance of the MOS transistors with 
HP 0.5-um process model parameters, which are 
available in MOSIS’ homepage.  The proposed class-
E PA including the matching network is shown in 
Fig. 4.  LC networks are placed at the transistors’ 
gates to resonate their large capacitances. Fig. 5 
sho

 

d order intermodulation distortion (IMD) and 
fi
sp
w
proposed circuit performance.  The 3rd and 5th IMD 
of the proposed PA are improved by 14 dB and 10 
dB respectively compared to the conventional class-
E. 
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Figure. 3   Proposed Class-E Amplifier  
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Figure. 2   Steve and Toumazou Class-E Amplifier 

Fig.5 Voltage waveforms of the proposed PA
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   ADS software (Advanced Design System) by 
Hewlett Packard was used to study the NADC 
response of the amplifiers. Figure.8 shows the 
NADC test result for both PAs. This result shows the 
superior performance of proposed PA compared to 
the conventional one.  The proposed PA has adjacent 
channel power of –26.5dBc, and alternate channel 
power of –46dBc with 28.6dBm output power and 
70% drain efficiency.  This performance meets the 
NADC requirements of –26dBc and –45dBc for the 
adjacent and alternate channels power respectively 
[18].  Figure 9 depicts the constellation of both PAs.  
The proposed PA shows much smaller magnitude 
and phase errors than the conventional PA.  

drain efficiency has been 
designed using a standard digital 0.5-um CMOS 

  
5  Conclusion 
   A 30dBm 900 MHz CMOS class-E power 
amplifier with 80% 

process. It is shown that the proposed PA has lower 
3rd and 5th IMD compared to the conventional class-
E structure. The result of this work demonstrate that 
linearized switching-mode amplifiers can be used to 
amplify variable envelop modulation signal such as 
that used in North American Digital Cellular 
(NADC). 
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