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Abstract- This paper shows a novel drive modulation 
technique applied to a high power, high efficiency, linear 
Envelope Elimination and Restoration (EER) amplifier for      

L-Band. It comprises a mixed-mode suboptimum Class-E / 
Class-A wideband RF amplifier based on a dual GaN HEMT 
for RF carrier amplification and a high efficiency, high 

switching frequency, multi-phase, buck power converter based 
on Silicon LDMOS transistors to work as a modulator (or 
envelope amplifier). The linearity and power gain for this EER 

amplifier is improved by means of a new digital drive 
modulation technique and digital predistortion (DPD) to 
achieve linearity performances equivalent or better than    

Class-AB amplifiers of similar output power level and 
frequency band but exhibiting much higher efficiency. This 
EER amplifier provides 120W peak output power at the L-band 

without any adjustment. In a two tone test, measured third and 
fifth-order intermodulation products were -45 dBc and -49 dBc, 
respectively, reaching 67.5 % maximum PAE. 

 

I. INTRODUCTION 

To reduce consumption of power supply systems is one 

challenge pursued throughout wireless communication 

system. Using high-efficiency switch-mode power amplifiers 

can help achieve this goal. Moreover, allowing better 

management of the heat generated which can help avoid or 

reduce refrigeration systems and, thus, reduce the size of RF 

transmitters [1], [2]. However, their nonlinear nature make 

difficult to incorporate in modern wireless communications 

systems. 

Furthermore, the use of complex modulations in the 

modern communication systems, in order to maximize the 

RF spectrum and increase the data bit rate, increases the 

complexity in the system design since these signals have 

non-constant envelope that require very linear amplification 

systems. 

To overcome these limitations of switch-mode power 

amplifiers, several linearization techniques capable of 

maintaining high efficiency have been proposed. Among 

them, Elimination and Restoration Envelope (EER) 

technique, also known as Kahn technique [3], is an excellent 

candidate for systems that require high power performance in 

combination with moderate linearity [4]. 

The operation of the original technique is already well 

known. The input RF signal is split into its phase and 

envelope components through an envelope detector and a 

limiter, respectively. Thereafter, both components are 

amplified by high-efficiency amplifiers (typically a DC-DC 

converter for the envelope component and a switch-mode 

high efficiency power amplifier for phase component). The 

amplified envelope is responsible for feeding, or modulates, 

the high efficiency power amplifier obtaining at the output an 

exact copy, ideally, of the input signal but amplified. 

However, this technique also has some drawbacks, for 

example, in the lack of envelope power or very low levels, an 

effect called "feed-through" is generated to the output of the 

EER system due to drive fixed level to the RF amplifier, 

causing distortion in the output signal. Time misalignment 

between phase and envelope components and undesirable 

frequency components from the amplifier envelope could be 

other important sources of distortion. 

Therefore, a combination of EER technique with other 

techniques such as digital predistortion (DPD) or drive 

modulation (DM) can help reduce these distortion elements 

in order to linearity of the system meets the specifications 

required by the application of the system. 

In this work a new high-efficiency linear EER system for 

L-band based on a power amplifier that works in mixed 

mode (suboptimal class E / class A) modulated by an 

envelope amplifier based on a multiphase buck converter and 

linearized by combination of digital predistortion and a new 

drive modulation technique based on digital signal 

processing techniques is showed. 

The main objective of this work is the comparison 

between conventional EER operation and the proposed 

system in this paper. 

 By combining these techniques, global system is able to 

achieve linearity characteristics equivalent to or better than 

conventional class AB amplifiers for the same frequency 

band and output power levels while providing a power added 

efficiency (PAE) much higher [5]. 

 

 

 

Fig. 1. EER block diagram 



  

 

II. EER SYSTEM 

A simplified block diagram of the EER transmitter 

proposed in this paper is shown in Fig. 1. It consists of two 

main parts: an electronic stage and a digital signal processing 

(DSP) stage. The electronic stage consists of all hardware 

elements of the system, such as RF amplifier, envelope 

amplifier and all necessary laboratory instruments for 

generating, displaying and capturing signals involved in the 

system (vector signal generator, arbitrary waveform 

generator...). The digital processing block consists of all the 

algorithms and control functions necessary to generate and 

time align the signals involved in the EER system, besides 

calculating and implementing digital predistortion curves and 

drive modulation in order to improve system linearity. In 

addition, this stage also makes automatic control of all used 

laboratory equipment. A brief description of the two main 

elements of the electronic stage will be held: 

A.  Mixed-mode RF amplifier 

The RF stage used to amplify the in-phase modulated 

carrier of EER amplifier is based on a wideband high 

efficiency power amplifier. A balanced suboptimal class E 

amplifier was designed [6], with the distinction of being 

biased with a much higher bias quiescent drain current, IDQ, 

than usual in order to keep the amplifier in class A when the 

drive power shows low levels. 

The amplifier uses a GaN HEMT packaged transistor by 

"Cree, Inc" on balanced topology to deliver up to 180W peak 

power output (in pulsed mode) from 900MHz to 1500MHz at 

28V. Maximum drain efficiency of 85% and a maximum 

PAE of 81% were achieved. 

When drive power, Pin, is high, that power level is higher 

than the bias quiescent current and the amplifier operates in 

switching mode (suboptimal Class E) exhibiting high 

efficiency operation shown in [6]. For low level Pin, the bias 

quiescent current dominates drive level and if the voltage is 

set to a constant level the amplifier operates in linear mode 

(class A) providing lower efficiency but improving the gain 

power (GP) and linearity. In both modes, the amplifier has 

constant impedance at input power supply port, Zenv, key 

requirement for the proper operation of the modulator or 

envelope amplifier. 

B.  Modulator 

The modulator, also known as envelope amplifier, is 

based on a two-phase, high switching speed buck DC-DC 

converter [7]. It is based on silicon LDMOS RF transistors 

controlled by a high-speed isolated driver. 

Among other advantages, multiphase topology helps 

eliminate switching frequency of the converter. Other 

undesired components at the modulator output are attenuated 

by a Legendre-Papoulis forth order low pass filter 

specifically designed to allow the higher bandwidth of signal 

from modulator while reducing simultaneously undesired 

components in their attenuated band [7].  

The modulator can operate up to 10 MHz switching 

frequencies, fSW, delivering 150W maximum output power 

and up to 88% typical average efficiency, being able to 

manage signals whose bandwidth is up to 3.125 MHz. It is 

operates in "open-loop" which requires a relatively constant 

load impedance to operate properly. In these conditions can 

provide envelope output voltages between approximately 5% 

and 95% of its supply voltage, VDC. 

III. MIXED-MODE OPERATION WITH DRIVE MODULATION 

Drive modulation technique in EER amplifiers was first 

proposed by Raab [8]. Basically it consists of using the 

envelope of the amplified signal by the EER system to 

modulate the drive input signal in order to improve the GP 

and PAE of the RF amplification stage. The original drive 

modulation technique, shown in Fig. 2, always requires a 

minimum drive level at the input port of the RF amplifier, 

always keeping it in switching mode even when the envelope 

of the amplified signal is very low or zero (for example, at 

times when the signal to be amplified has zero crossings). 

 

 

Fig. 2. Dirve modulation by Raab 

The proposed system in this paper does not require a 

minimum drive level allowing amplify signals which have 

zero crossing instances with low distortion. The proposed 

drive modulation technique improves the performance of the 

system for low input drive levels increasing the dynamic 

range of the amplifier by reducing the feed-through, in 

addition to improving the linearity of the system even more 

than previous art. 

Normally, the drive level in EER systems cannot be zero 

due to the technical limitations of the modulators. The load 

presented at the feed port of RF power amplifier (Zenv) 

increases in moments of zero crossings of the RF signal 

causing a rise and a severe drop in the output voltage 

modulator, venv. 

Our EER system presented in this paper accepts zero 

drive conditions thanks to mixed-mode operation of the RF 

amplifier. As already mentioned above, the amplifier works 

in switching mode (suboptimal class E) at high levels of 

input drive and linear mode (Class A) to low levels ones, 

besides providing a constant Zenv regardless of the drive level. 

When input drive level is low and the envelope of the 

amplified signal is below a certain voltage value, vth, chosen 

experimentally, the output voltage at modulator, venv, 

becomes constant forcing the amplifier to work in class A. 

This allows the RF amplifier provides a relatively constant 

Zenv in DC port regardless of the drive level. This constant 

Zenv is fundamental for the proper operation of the modulator. 

Therefore, any sudden fading drive level not cause increase 

venv in the instants when it should be low or zero, which 

would result in an additional distortion of the amplified 

signal. 

 Drive modulation technique was implemented by means 

of digital signal processing techniques that are less expensive 

and more flexible than the use of electronic circuits, as has 

been done in previous work that implement other forms of 

drive modulation technique [8]. 

 



  

 

 

Fig. 3. Ideal waveforms for two-tone test 

Fig. 3 shows the ideal waveforms (solid line) of output 

voltage of the envelope amplifier (venv), of output current of 

the amplifier envelope (ienv) and input drive voltage to the RF 

amplifier (vin) for a signal two-tone test applied to the EER 

system. Both venv as ienv track the envelope of the amplified 

signal while they are above a certain value vth but are 

constant (flat) when the envelope is below vth (corresponding 

to low drive levels) working in class A. The third plot in Fig. 

3 shows the ideal waveform of vin for the same two-tone test. 

As shown, the input drive is attenuated within the region of 

operation because the difference between GP shown by the 

amplifier in class A and GP in switching mode (suboptimal 

Class E). 

Finally, this amplifier needs implementing 

complementary techniques such as digital predistortion 

linearization with the aim of achieving equal levels of 

linearity Class AB amplifiers for the same characteristics of 

power and frequency. The VDD-PM conversion has its 

greatest effect in venv > vth region (where the amplifier works 

in switching mode). In venv < vth region, where the amplifier 

works in its linear region, both AM-AM and AM-PM must 

be corrected [9], [10]. 

 

 

Fig. 4. Photograph of EER prototype 

IV. PROTOTYPE 

A photograph of the prototype amplifier is shown in Fig. 

4. It has been built on two printed circuit boards: the RF 

amplifier was built on low loss RO4350B Rogers 

Corporation substrate of 0.508 mm in height; envelope 

amplifier was built on a FR4 substrate of 0.8 mm in height. 

Both circuits were integrated minimizing interconnect 

parasitic. The envelope amplifier transistors use own printed 

circuit board to dissipate heat, while the RF amplifier only 

requires a small aluminium heatsink for safe operation. 

The EER system was tested by two-tone test. Polar 

components needed to drive the RF amplifier and the 

modulator during the tests were generated by two arbitrary 

signal generators and a RF vector generator was used as up-

converter. A signal analyzer, a spectrum analyzer and digital 

oscilloscope to test the amplified RF signal and demodulate it 

to obtain the required parameters to find digital predistortion 

curves. 

The amplifier was tested by applying two-tone operating 

in EER normal conditions (RF amplifier works in switching 

mode during the whole its duty cycle and no drive 

modulation is applied) and by applying novel drive 

modulation technique described in this paper. In both cases, 

the amplifier was linearized by digital predistortion. 

Measurement results obtained by the EER system in each 

of the above two conditions for a 100 kHz spacing between 

tones at a carrier frequency of 1200 MHz and fed to 28 volts 

are summarized in Table 1: for the same output power in 

both cases (Pout is about 61W) 75% and 70.5% drain 

efficiency was achieved for the conventional EER system 

and proposed system, respectively, while PAE only 

experienced a slight drop of 2% in the proposed EER system 

(PAE = 67.5%) compared with the conventional method 

(PAE = 69.5%). These small drops in efficiency amplifier are 

due to the small region in which the amplifier works in linear 

mode with a poor efficiency (class A). Applying drive 

modulation technique reduces the required drive power 

causing the power gain amplifier GP is increased by 2.5 dB 

(which at the same time improves PAE), achieving 13.8 dB 

gain power in this work. 

The measured output spectrum for 100kHz tone spacing 

is shown in Fig. 5, which can be seen that both the third order 

(IMD3) and the fifth order (IMD5) intermodulation products 

are considerably improved compared with conventional EER 

system. Specifically, improvements about 10.6 dB for IMD3 

and 4.5 dB for IMD5 were observed compared with a 

conventional EER system, which was one of the main 

TABLE I 

EXPERIMENTAL RESULTS FOR TWO TONE TEST SIGNAL 

Parameter 
Conventional 

EER 
This work 

Operating Frequency 1200 MHz 

Supply voltage 28 V 

Output Power 47.8 dBm 47.9 dBm 

Drain efficiency  75% 70.5% 

PAE  69.5% 67.5% 

Gain  11.4 dB 13.9 dB 

IMD3 @ ∆f=100kHz -34.4 dB -45 dB 

IMD5 @ ∆f=100kHz -44.5 dB -49 dB 

 



  

 

objectives of this work. It has managed to reduce to -45dBc 

and -49dBc the third-order and the fifth order products using 

the proposed technique in this paper. These linearity figures 

may be equivalent or even superior to those shown by 

conventional power amplifiers in class AB but significantly 

increasing system efficiency. 
 

 

Fig. 5. Measured output spectrum of EER system for two-tone test. 

V. CONCLUSION 

This paper shows the results of applying a new drive 

modulation technique in high efficiency EER amplifier. The 

system comprises a wideband RF amplifier based on GaN 

HEMT transistors with the particularity that works in mixed- 

mode (suboptimal class E for high drive levels and class A 

for low drive levels) and secondly a modulator based on 

multiphase buck power converter using silicon LDMOS 

transistors. 

A new drive modulation technique (based on digital 

signal processing) was implemented in order to increase GP 

of the EER system, providing similar PAE levels to those of 

conventional EER amplifier but improve significantly the 

linearity of the system and increasing the dynamic range of 

the amplifier with respect to other previous techniques. 

Furthermore, linearity figures equal or better than those 

observed by conventional Class AB amplifiers for the same 

frequency and power levels were achieved through the use of 

digital predistortion techniques, but significantly improving 

efficiency. 

In future works, the proper operation of this system 

applied to signals used in current wireless communications 

systems will be tested. 
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