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Abstract 

Modern communication systems operate with high peak-to-average-power ratio (PAPR) over 

wide bandwidth. Linearity requirements force operation in a low efficient highly linear back-off 

region. Then increasing efficiency is becoming critical. One of the most promising technologies 

to accomplish this is using supply modulation, e.g. envelope tracking (ET) and envelope 

elimination and restoration (EER). Supply modulated systems have been studied extensively in 

the past years, but no systems have been presented with flexibility in the envelope amplifier 

circuit.  

 

In this work the supply modulator amplifiers have been studied. The focus is on hybrid switching 

amplifier (HSA) as envelope amplifier. Two envelope amplifier prototypes P-I and P-II have been 

designed. They are both designed for 15W output but P-II has 28V maximum supply voltage and 

P-I has 15V maximum supply voltage. P-II developed in version A, using silicon (Si) based 

switching transistor and version B using gallium-nitride (GaN) switching transistor. The 

efficiency is limited to a maximum 97 % possible by the circuit components.  

 

The linearity was mainly analyzed by AM-AM diagrams. P-I, P-IIA and P-IIB, were analyzed in 

simulations and measurements. Results show high possibility of improvement with digital 

processing, i.e. digital pre-distortion (DPD). Linearization will improve the overall performance 

in the supply modulator (SM) systems, improving the delay issues and distortion produced by the 

implementation of the system.  

 

The developed flexible board has made it possible to investigate alternative technologies of ET, 

focused in the hybrid switching amplifier (HSA). This has given the possibility to compare the 

overall performance for a traditional Si based switch with the novel Ferdinand Braun Institute’s 

(FBH) GaN-HEMT based switch with regards to bandwidth, efficiency and non-linearities 

introduced by the envelope tracking amplifier. P-I and P-II show high efficiency (> 60%) in 

results. For signals with adequate average power levels the efficiency is high, with around 70% 

efficiency for WCDMA signals. Phase distortions are evident already at a 5 MHz bandwidth.  
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1 Introduction 

The latest wireless communication systems work with wide bandwidth to enable high 

transmission rates. These are e.g. the wideband code division multiple access (WCDMA) 

and the long-term-evolution (LTE) systems, where the multi-channel bandwidth can 

reach 100 MHz. The systems also use complex modulation-schemes to further increase 

the transmission rates which create signals with very high peak to average power ratio 

(PAPR). For the power amplifiers (PAs) of the communication systems these wide-

bandwidth signals with high PAPR pose a considerable challenge. For high efficiency the 

PA need to work close to compression but for a high PAPR signal is not possible to get 

an average high efficiency. The PA is therefore often operated in a back-off region far 

from compression giving an overall efficiency of as low as 10-15% (2-5% for a base-

station) [1]. A main focus of much work today is therefore to improve power amplifier 

back-off efficiency. Many technologies for increased back-off efficiency are being 

investigated:  

 Doherty configurations that use additional transistors that handles the peaks of 

the signal [2][3] 

 Load-modulation where the load impedance is shifted to always maintain in high 

efficiency regardless of output power [4][5]   

 Supply-modulation or polar transmitters means to increase the efficiency by 

tracking the supply voltage of the amplifier with the momentary power of the 

signal hereby  reducing the power lost when the power supply voltage is much 

higher than the instantaneous signal. In other words, to follow the signal to keep a 

close saturated state in the power amplifier. 

 

The Doherty configuration is mainstream in new designs but has a limited dynamic range 

efficiency enhancement and will not be optimum for higher PAPR systems, because its 

two amplifiers (a carrier amplifier and a peak amplifier) combination can not manage 

adequately high PAPR signals [6]. Load-modulation requires the use of fast controllable 

reactive components. These are not yet available for the high voltages and powers seen in 

base station systems. Supply modulation is the topology investigated in this work. Here 

components are readily available and with the introduction of GaN-HEMT technology in 

the switching stage for the supply modulator it is expected that the bandwidth 

requirements can be solved also for the most recent wideband communications systems. 
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1.1 Problem statement 

The research during the latest years has produced different schemes with some common 

characteristics. For increased efficiency the envelope amplifier to use should be as well 

highly efficient. Therefore the need to find this the amplifier with a very high efficiency 

to modulate the supply voltages leads to search for new circuits. Improvement over the 

state of the art of this technology is always required. 

 

Not only the efficiency but the response of the envelope amplifier influences the result in 

the system. The output signal is distorted by the response of the PA but this response is 

influenced by the quality of the modulated supply signal. In current technologies the 

linearity aspects of the envelope amplifiers are still not clearly defined, no information on 

this has been found. 

 

It is necessary to analyze the linearities over the high efficiency envelope amplifier, that 

can result in a model that helped by digital signal processing techniques can reduce 

distortions in the overall system. 

1.2 Background 

The supply modulator technologies have been studied for many years, and resulted in 

different schemes of application. In the available technologies are certain topologies that 

can be used but with different advantages and disadvantages.  

 

Some explanations and descriptions of the most used types of supply modulator systems 

are presented in the following section and an analysis of the envelope amplifier types are 

described in chapter 2. 

1.2.1 Supply modulated transmitter topologies 

The traditional supply modulated PA architectures are the envelope elimination and 

restoration (EER) and the envelope tracking (ET) [7], [8]. Both topologies use the 

envelope of the signal to modulate the supply voltage of the RF amplifier in order to get 

increased back-off efficiency. They are often referred to as polar amplifiers based on the 

separation of the phase and the amplitude modulation in separate branches. 
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Figure 1.1. System Diagrams for a) EER and b) ET. 

 

In order to analyze their function the signal has to be defined. Any baseband signal can be 

expressed by its in-phase (I) and quadrature (Q) components as well as in its amplitude 

A(t) and phase components (t) [9] 

)()()()()( tjetAtjQtItU    (1) 

The signal transmitted over the amplifier system is the real component of the RF 

signal, expressed as S(t). 

 tjtj ceetAtS
 )()(Re)( 

   (2)
 

And the RF phase (t).  

tjtj ceet
 )()( 

    (3) 

Here A(t) is the envelope of the signal and can be expressed in the following way. 

22 )()()()( tQtItUtA 
 

 (4) 

And the phase of the signal is contained in: 

  









)(

)(
arctan)(arg)(

tI

tQ
tUt

  (5) 

1.2.2  EER concept 

The EER separates the signal in two parts, the phase using a limiter, and the envelope 

with an envelope detector to be processed separately. The high frequency phase in (3) is 

processed with a switch mode power amplifier (SMPA) normally reaching efficiencies in 

the 70-90 % range. The envelope is then restored using a dynamic supply circuit, that will 

drive the envelope information back into the output [7], [8]. 

 

The EER will require an envelope amplifier but the direct path, i.e. the power amplifier 

path, will only take the phase information. Therefore a constant amplitude signal carrying 

the phase information will go to the PA as shown in Figure 1.2. 
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Figure 1.2. EER system diagram 

 

The signal can be generated by its compounds of amplitude and phase, where the 

amplitude goes to the envelope amplifier and then will be combined with the phase in the 

PA thus generating the complete signal S(t). As can be seen, any small mismatch from the 

two paths will lead to great distortions effects at the output side. Therefore the EER 

requires a high level of synchronization.  

 

The mismatch effects can be express as shown in the following formula [10] 

).()()( _sup__ ttAtS PAoutoutoutRF     (6) 

 

The SRF_out is the output signal of the PA, Aout_sup, is the amplitude of the signal provided 

by the supply and out_PA is the phase that passed through the PA. The synchronization 

effects will be further analyzed in chapter 2.6. 

 

This concept has some drawbacks: 

1. It has delay matching, a need for synchronization between the envelope and the 

phase. 

2. It does not have enough bandwidth to follow the envelope signal.  

3. The phase path would need 10 times more bandwidth than the modulated input 

signal, to pass the transmission mask or error vector magnitude (EVM) [11] 

specification. 

1.2.3 ET concept  

Envelope tracking is a more recent technique than EER based in the same principle of the 

supply modulation [12], [13], with some of the first publications made after year 2000  

[14], [15]. It has been investigated in more detail in the past 5 years. Contrary to EER, the 

ET keeps the signal’s phase and envelope information which reduce the sensitivity to 

time alignment between the envelope and the RF path [8]. 

 



 

 5 

In general characteristics the envelope tracking only need to use the envelope of the 

signal for the supply modulator as shown in Figure 1.3. The envelope amplifier will 

introduce a delay in the signal path that has to be compensated by the introduction of a 

delay in the PA path. This to parts can be simplified by the use of digital generation of the 

signal where two input signals can be generated, one only carrying the envelope 

(amplitude) and the other with the entire signal but with the corresponding delay.  

 

 

Figure 1.3. ET system diagram 

 

The reason of increasing the efficiency of the PA is the possibility to maintain operation 

close to saturation. By modulating the voltage supply, reducing VDD close to saturation 

when the input amplitude signal is low, the instantaneous efficiency is increased. For any 

modulated signal this will increase the total efficiency for the amplifier, especially it will 

increase the back-off efficiency since the supply voltage is much reduced in back-off 

operation [10].  

Figure 1.4 illustrates the reduced power consumption and thus the increase efficiency of 

the system, reducing the power lost (dissipated as heat) by the system. 

 

Figure 1.4. Reduction in power consumption of envelope amplifier systems 

For the example in the figure a two-tone signal was used. ∆VDD is the variation of voltage 

supply. The grey zone shows the part that will be a significant reduction in dissipated 
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power in the system. The envelope amplifier will take A(t) from the amplitude detector 

and use it to vary the supply voltage VDD of the PA. 

)(
)(

)(
max

max tAG
A

tA
VtV DDDD 

 

 (7) 

For: maxmax AVDD  , where G is the gain function of the envelope amplifier, VDDmax is the 

maximum value of the supply voltage and Amax is the maximum value of the input 

envelope signal. In the direct path the complete signal S(t), with a previous delay that will 

synchronize the two paths, will be amplified with a higher efficiency from the part of the 

PA. 

 

Compared to the EER it has some advantages [8], [10]: 

1. Lower sensitivity to the timing mismatch from the paths of the envelope follower 

and the PA. 

2. It needs lower bandwidth (BW) for the envelope amplifier, in the sense that the 

system gets the information of the signal coming directly through the PA and not 

from the envelope amplifier. 

3. Relaxed bandwidth requirements for circuits used in the RF paths. As the input of 

the PA is the RF signal it only needs the modulation BW, making it more suitable 

for broadband applications. 

4. It has higher gain at lower input power, because the envelope amplifier keeps the 

PA nearly saturated, i.e. near maximum gain, all the time. 

5. ET has less feed-through signal to distort the TX output. 

 

For these reasons it can be attractive for high efficiency, broadband, linear transmitters. 

As disadvantages can me mentioned [8], [10]:  

1. This technique requires the use of a high efficiency envelope amplifier in order to 

increase the efficiency of the PA, thus the efficiency problem is carried in a 

higher level into the envelope amplifier. Therefore to obtain high efficient ET 

systems a high efficiency envelope amplifier is needed in first place 

2. Efficiency is smaller at low input envelope voltage than at high input envelope 

voltage 

3. The distortions created in the envelope amplifier can be introduced to the PA in 

different forms, thus needing extra methods to correct them 
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1.3 Thesis Outline 

This thesis work is focused in the design and analysis of envelope amplifier technologies 

and is explained in four chapters. 

 

Chapter 1. Introduction: Describes the basis and motivations of the project.  

 

Chapter 2. Theory: Descriptions of envelope amplifier available technologies, deriving 

in the deep analysis of the hybrid switching amplifier (HSA) chosen as the envelope 

amplifier used in this project. The efficiency and linearity characteristics of the HSA 

circuit are also shown. 

 

Chapter 3. Modulator Design: Design of different circuits based on HSA that produce 

two prototypes with two versions of the last one. The work is described with a simulation 

work done in LT-Spice complemented by analysis made in Matlab. The software 

facilitates the simulation of circuits with vast capacity of processing. At last the 

fabrication of the prototypes is described. 

 

Chapter 4. Modulator Analysis: Shows the analysis divided in two main parts show for 

the different prototypes first the power consumption and efficiency and later the AM-AM 

characteristics. The results are shown from the simulations and measurements making a 

comparison of their capabilities and characteristics. Also a small description of phase and 

distribution properties is explained. 

 

Chapter 5. Summary: Is a summary that highlights the most important characteristics 

and result explained through the whole thesis work.  

 

Chapter 6. Conclusions: Is a compilation of the conclusions obtained as a result of the 

investigation realized. 
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2 Theory  

2.1 Supply modulation types 

The envelope amplifier is sometimes also referred to as supply modulator [16]. In state of 

art designs there are mainly three types of supply modulators [8]: 

 Low dropout (LDO) regulator  

 Switched-mode power supply (SMPS) such as DC-DC converters  

 Hybrid-switching amplifier (HSA)  

2.1.1 Low Dropout Regulator 

The LDO regulator uses a simple amplifier (class A or AB) in the envelope amplifier 

working linearly. It follows closely the envelope of the signal but keeps the limitations of 

efficiency and BW of this class of amplifiers, thus giving not such good responses for 

signals like orthogonal frequency division multiplexing (OFDM) and WCDMA signals 

that have high PAPR and broad BW [17]. 

 

Figure 2.1. Single level envelope amplifier in an ET system. 

2.1.2 Switched-Mode Power Supply 

SMPS is based on a switching amplifier that uses binary pulse waves generated from the 

time varying envelope signal. The switching frequency is the limiting factor of the 

bandwidth of the signal, following that the efficiency of the SMPS is inversely 

proportional to the switching frequency [18]. Because of this it is not possible to get high 

efficiency amplifiers for wide bandwidth signals like WCDMA or LTE [18], [20].The 

single level has only one switching supply controlled by the envelope signal. It can work 

with a pulse-width-modulated (PWM) signal generated from the envelope of the wide-

bandwidth signal. The efficiency will depend mainly on the switching frequency and 

fundamental efficiency of the switching amplifier.  
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The switching supplies can be constructed from DC-DC converters like boost converter, 

buck converters, buck-boost converter or others [8]. 

 

Multi level switching  

A multi level switching utilizes several different switched power supplies, using the 

envelope upper closest value to supply the PA [18]. This will increase the efficiency of 

the circuit in steps depending of the number of voltage levels used [21]. In an 

improvement the multi level was made with switching supplies where the efficiency of 

the later will enhance the capabilities of the multi level supplies [22], [23]. An example of 

the signal resulting for multiple levels is shown in .. 

 

Figure 2.2. Multi level voltage supply signal representation. 

 

A circuit for this type of modulator would be of simple design, using different switches in 

cascade together with a level detector, but will not reduce all the unnecessary power of 

the power supply. The use of many switches together will introduce undesired 

interferences due to the transients produced in every switch. 

 

The use of multiple switches increases the efficiency but with limitations related to the 

number of switches. The more switches the better efficiency because the closer the supply 

is to the signal, but it will lead to have a very high number of switches to get high 

efficiency. The efficiency will depend of the characteristics of the signal and can be 

optimized calculating the number of switches needed for a type of signal. For high PAPR 

signals it needs steps from very low voltages to the high peaks, increasing the complexity 

of the circuit to be able to follow fast changing signals like WCDMA. 
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2.1.3 Hybrid Switching Amplifier 

In a combination of the capabilities of the previous types, the HSA are proposed as a 

good option to obtain high efficiency and a wide bandwidth envelope amplifier as is 

required for WCDMA and LTE signals in EER and ET systems [10], [24], [25]. 

 

Linearly assisted switching amplifier 

As a main HSA amplifier, it works simultaneously with a switching supply (e.g. DC-DC 

converter), and a linear amplifier stage implemented with any simple amplifier e.g. Class 

A, or AB amplifiers. Its capabilities will depend in the efficiency of the switching stage 

proportionally related to its switching frequency and the BW of the linear amplifier. In 

order to have them working together a connection stage is needed, this will be obtained 

with a comparator or sensing stage that will control the switching stage as required. This 

is shown in Figure 2.3. Further explanation will be given in chapter 2.2 (HSA function). 

 

Figure 2.3. Linearly assisted switching amplifier 

 

Multi band switching amplifier 

In a further improvement [13] proposed to multiply the switching amplifiers in the HSA 

with different switching frequencies in order to improve the overall efficiency. This is 

done because using different frequencies will improve the BW of the switching stage,   

reducing the work done by the linear stage, and therefore reducing the power lost in it (on 

the basis that the linear amplifier is much less efficient than the switching amplifier). It is 

a very interesting option to consider in future works, used lately by [24] and scheme is 

shown in Figure 2.4. The results of [24] show an average 10% of increased efficiency, 

with better efficiency for lower input power levels, this mainly because the reduced 

power sank by the linear amplifier. 
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Figure 2.4. Multi-band switching amplifier 

2.1.4 Supply Modulator Summary 

From the state-of-the-art topologies of supply modulators presented above, the hybrid 

switching amplifier provides the best performance for the wideband dynamic signals and 

power amplifiers aimed for in this work. The linear stage is wideband but has low 

efficiency providing power at higher frequencies. The switching stage has high efficiency 

narrow band that provides power at lower frequencies. Both together provide high 

efficiency and the needed bandwidth [15], [26], [27].  

2.2 HSA function 

The supply modulator is required to have very high efficiency, and wide BW capabilities, 

this complicate the possible supply amplifiers. A very used and efficient type of 

modulator is the HSA [7], mentioned before. It combines the high efficiency of a 

switching amplifier with the wide BW of a linear amplifier. Figure 2.5 shows the linear 

amplier driven by the input signal (the envelope signal), and the switching stage controled 

by the changes in the detector giving the voltage and current required by the RF power 

amplifier. 

 

Figure 2.5. General scheme of a hybrid envelope amplifier with an RF PA. 
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For a simple analysis a simplified ideal model [7], shown in Figure 2.6, is used to express 

the functions of the linear stage and the switching stage.   

 

Figure 2.6. Hybrid model of the HSA circuit.[7] 

The current supplied to the PA, will follow the equations below. 

   (6) 

)(
)()(

ti
R

tVtV
lin

sense

os 


   (7) 

Where ilin is the current supplied by the linear amplifier stage at high frequencies 

components.  

The load is assumed to be purely resistive, considering that most of the power consumed 

by a PA is mostly in its resistive part.  For practical reasons the calculation is also limited 

to resistive load. The calculation can be extended in the case of a specific PA where the 

actual impedance can be determined and analyzed for further research. This is not 

included in this work. 

2.3 HSA switching amplifier 

 

Figure 2.7. Switching section in a envelope amplifier system 

 

The switching amplifier provides a high efficient current to the system. It is controlled by 

the sensing of the current of the linear stage, and should follow the average voltage of the 

envelope signal A(t). 
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2.3.1 Dynamic properties 

The switching amplifier is responsible for most of the current provided to the PA. It will 

try to follow the average current of the signal. The switching frequency will define the 

capability of following big changes in the signal, i.e. fast slew rate changes, and thus 

improve the efficiency of the system.  

As in common DC-DC converters the voltage it regulates is determined by the cycle of a 

digital signal, e.g. PWM, or any other pulse source. The average voltage will be given by: 

DDs

s

avs DVdttV
T

V   )(
1

_    (8) 

Where D is the duty cycle and is determined by the time the pulse is active (“on” or 

“logical 1”), Ts is the period of the pulse signal where 1/Ts  equals the switching frequency 

fs, and VDD is the fixed supply voltage. The integral equals the supply voltage times the 

duty cycle, i.e. the average voltage supplied is directly related to the duty cycle and the 

switching frequency.  

If now D is considered to vary with time as D(t), the regulated voltage can follow a time 

varying signal, in this case the envelope of the signal desired to amplify. Considering now 

the envelope signal A(t) as the dominant factor, Vs can be assumed to be composed by a 

DC part Vs_dc and an AC part Vs_ac  giving the new duty cycle: 
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       (9) 

To determine the control of the switching frequency in the HSA, a sense resistor Rsense is 

used. It determines the flow of current from the switching amplifier, where the excess or 

lack of current has to be equaled to the envelope signal.  Together with the hysteresis h of 

the comparator used to detect this current variation, the inductance value L and the duty 

cycle in time D(t) will determine the switching frequency as given by (10) [13]. 
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 (10) 

The charging and discharging effect on the inductor L compared to a low frequency CW 

input signal can be seen in Figure 2.8. 

 

Figure 2.8. Switching characteristic using a CW signal in a low frequency range. 



 

 14 

2.3.2 Switch technologies and switch efficiency 

Between the switching amplifiers available the most used are [28][29]: 

 Buck converter: basically reduces the supply voltage in a conversion ratio 

directly proportional to the duty cycle D. 

 Boost converter: generates a greater amplitude voltage than the supplied its 

proportion M(D) is given by (11): 

)1(

1
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D
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    (11) 

 Buck-Boost converter:  as a combination of the two previous ones it can produce 

negative voltages in the same proportion of the Boost converter. 

)1(
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    (12) 

 Cuk converter: utilizes two inductors in series, switching the connection to a 

capacitor, it has the same M(D) as the buck-boost converter.  

The efficiency in this circuit is directly related to the switching frequency that can be 

translated into the duty cycle value. The efficiency is basically a relation of the time 

the supply is in off state, saving power and still supplying enough power for the used 

device. 

2.4 Linear Amplifier 

  

Figure 2.9. Linear section in an envelope amplifier system 

The linear part have the principal task to correct and aid the current generated by the 

switching amplifier, in order to have the proper signal at the envelope amplifier’s output. 

Also in high voltage applications the linear part will have to amplify the voltage 

amplitude to the proper VDD level, which will be: 
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maxsDD VV      (13) 

The current variation can be seen in Figure 2.10. where the current of the linear stage 

shows its relation to the current generated in the switching amplifier isw and the current 

used by the load iload.  

 

Figure 2.10. Output current signal and current provided by the switching amplifier 

 

The effects of this relation will be analyzed in section 2.4.1. Power dissipation, and is 

mostly dependent in the relation given by (14) 

)()()( tititI SWlinload     (14) 

2.4.1 Technologies and efficiency 

Load Dependency 

The envelope amplifier HSA will see the PA as varying load. This means the drain 

impedances of the PA will influence the current supplied by the HSA amplifier. This 

impedance will vary in a wide range depending of the RF signal going through the PA. 

According to empirical knowledge the drain impedance will be low when active, thus to 

cover a typical range it can be assumed to vary from 10 to 100 ohms. More precise 

information can be taken from measurements over the PA for the complete system and is 

necessary for further research.  

 

The switching stage of the HSA is the most affected as the average current is inversely 

proportional to the load resistance of the circuit, so it has to be considered that in lower 

resistivity the current will be increased and for higher ones is will be reduced. On the 

other hand the linear stage is highly influenced by the capacitance of the load (dependent 



 

 16 

of the linear amplifier). For purpose of this project, the simulations will consider a load 

varying from 15 to 80 and is measured for 15and 50. 

 

HSA Power dissipation 

The switching amplifier is designed to be highly efficient. When working at a switching 

frequency of 1-5MHz and a voltage between 15-28V an efficiency around 95% is 

achievable depending on the switch transistor on-resistance (Ron). The current generated 

under these conditions will create a ripple of high voltage then the linear part will actively 

correct it and this increases the losses in the envelope amplifier circuit [15]. 

 

In this case the power losses in the linear amplifier are directly related to the difference 

from the DC power given by the switching supply and the power used by the output 

signal [24].  
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Where Vo is the output voltage, VDD is the supplied voltage, L the inductor value and Fs 

the switching frequency.  

 

The principal dissipation problem of the hybrid circuit is due to the nature of the 

switching amplifier providing most of the power for low frequencies and the linear 

amplifier providing most of the power for high frequencies. When a fast signal requires 

higher power than the one given by the switching part it will be given by the linear stage, 

and when the power from the switch exceeds the power required the linear stage has to 

sink the remaining power. Therefore the main power losses can be attributed to the linear 

amplifier. The total power losses can be expressed as: 

swlosslinlosstotloss PPP ___ 
  

 (16) 

Where Ploss_sw is the power lost to the voltage drop in the switch transistor, and Ploss_lin is 

the power dissipated by the linear stage expressed in formula (15) 

 

sw

DS

sw

LDD
swloss

i

V

i

VV
P 


 1

_    (17) 

Where VL1 is the voltage in the node connecting the switch transistor and the inductor 

(terminal 1 of the inductor L) and VDS is the voltage drop from drain-source of the switch 

transistor. 

 



 

 17 

The total efficiency is the relation between the supplied power and the power used by the 

load: 
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where, swDDDD iVP   is the power given by the supply. 

The efficiency can be also expressed in terms of the lost power mentioned above. 
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2.5 HSA Non-linearities 

The non-linear responses of the circuit can be described in amplitude and phase 

distortions. The amplitude distortions will be produced by the errors of the linear stage 

when correcting and following the envelope signal, i.e. to have fast enough slew rates to 

follow high speed varying signals. In the same way the phase distortion and group delay 

will depend on this capability of following the different frequency components of the 

envelope signal. The variation of currents for the linear and switching stage is shown in 

Figure 2.11. 

 

Figure 2.11. Current variation: the switching stage (green) and the linear stage (blue). 

 

The complementation of both stages generating the output envelope signal is shown in 

Figure 2.12. 



 

 18 

 

Figure 2.12. Current relation between the linear and switching stages. 

 

The delay i.e. time to pass thru the envelope amplifier circuit of the HSA amplifier is also 

mostly dependant of the linear stage as it goes straight from the input envelope passing 

the linear amplifier to the load of the HSA, i.e. the PA as shown previously in Figure 

2.12. 

2.6 HSA in the supply modulated system 

HSA is a high efficient and wideband envelope modulator and contributes to increase the 

overall efficiency of the PA, but the delay of the signal passing the envelope amplifier 

will add distortions in the output RF signal. The timing problems are solved with 

synchronization techniques.  

2.6.1 Envelope synchronization 

The time it takes a signal to pass the envelope amplifier is the instantaneous delay d. The 

delay is influenced by the phase distortions that the envelope amplifier can introduce to 

the signal. 

 

For EER the error is much larger because the supply voltage has to amplitude modulate 

the phase signal that goes through the PA, in order to get the amplified signal at the 

output. The distortion effects that can cause the mismatch are mentioned earlier. The 

resulting signal will be: 

)()()( _sup__ ttAtS PAoutoutoutRF      (20) 

This gives. 
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The comparison from the original signal and the delayed one is shown in Figure 2.13 and 

shows why EER requires very good synchronization. 

 

Figure 2.13.  Mismatching effects for EER system. 

 

The ET it is much less sensitive as the system’s output signal does not depend directly in 

the supply voltage. But a good synchronization will avoid undesired saturated states. 

Some of the effects of the time mismatching are shown in Figure 2.14. 

 

Figure 2.14. Distortion effects for mismatching in ET system. 

2.6.2 Wide bandwidth signals 

Wide bandwidth signals like WCDMA for special cases can be expressed as a multi-tone 

signal, with different tones that cover its’ total BW. In this specific case the PDF and 

PAPR are the needed parameters to take into consideration to see the response of the ET 

amplifier in wide-BW signals.  The WCDMA characteristics can be reached modifying 

the amplitude and delay of the tones then the management of them becomes complicated. 
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In order to solve this model of the envelope modulator, it has to be represented as a filter, 

characterizing the delays for every frequency component of the signal. Once the delays 

are know it is possible to use the synchronization adjusting the WCDMA signal that 

passes the PA to match in time with the signal provided by the envelope amplifier. 

 

The pre-distortion (PD) method can be used to improve further the performance of the 

amplifier. The PD method uses the transfer function of a system, in this case the 

amplifier, to compensate the distortions that it can produce over the signal. Before the 

signal passes the amplifier the signals is previously modified (distorted) with the inverse 

transfer function, compensating those undesired effects produced by the amplifier. Then it 

has potential to correct the BW, amplitude and phase distortions in the amplifier.  



 

 21 

3 Modulator Design 

The modulator HSA used is aimed for a system with a fixed maximum supply voltage of 

15V and maximum current of 1 A, i.e. a maximum system power of 15 W. Proposed to 

work with wide bandwidth signals, like WDMA or LTE. The design focuses on one 

channel of WCDMA with 5 MHz BW. Some modifications in the structure of the 

modulator were made in order to get the 15 W capabilities and in the same way get a 

circuit that can work for different supply voltages as can be required for different PA’s. 

Two prototypes were realized, the first prototype (P-I) based on a MOSFET switch 

transistor, and the second prototype (P-II) in two versions that will be explained later. 

3.1 Modified HSA Structure 

The selected supply modulator HSA, also called linearly assisted switching amplifier, can 

be designed and expressed with four different blocks. Two will provide the current 

supplied to the PA and the other two will aid the first two to work with proper voltage 

levels. The blocks are shown in Figure 3.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Block Diagram of the designed Envelope Amplifier system. 
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3.1.1 Envelope Input 

The envelope input is designed for a 0-1 VPP swing originating either from an arbitrary 

waveform generator (AWG) or an envelope detector. 

3.1.2 Voltage amplifier (AMPV) 

This stage is designed in order to facilitate the use of an AWG as input source. Its main 

function is to provide sufficient amplification of the envelope signal. The second 

prototype has variable gain giving fine tuning and flexibility for different input signals. 

Equation (22) shows the relation of the amplified voltage Vu2(t), to the input signal U1(t) 

and the gain G2. 

 )()( 122 tUGtVu     (22) 

3.1.3 Buffer 

The buffer circuit is a linear amplifier capable of supplying enough current for the load in 

the high frequency operating range. This component was chosen to work with a PA at 

15V and 28V supply voltages and that works with 15W power. The ones used in the 

project are those most accessible in the local market.  

 

In the first prototype a maximum 18 V buffer circuit with 200 mA current limits was 

used. The bandwidth had maximum 180 MHz and a slew-rate of 2000V/μs. 

  

For P-II the parameters changed with the objective to improve in a small degree the 

efficiency. The new buffer has a maximum of 36 V and 600 mA in single supply mode, 

bandwidth of 110 MHz and slew rate of 1800V/us.  The capabilities of voltage were 

increased in order to make an amplifier able to operate with PAs that uses 28V or higher 

power supplies. 

 

3.1.4 Comparator (Comp) 

Connected to the two sides of Rsense (the small value resistor put in series with the linear 

amplifier), will measure the current flowing through the resistor, reacting to the level and 

direction changes of the current. 
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3.1.5 Switch level control (SLC) 

This part is used to facilitate the manipulation of different transistor and voltages at the 

switching amplifier, enabling to work with voltages higher than the input ones, e.g. 15 V 

or 28 V at VDD. 

3.1.6 Switch 

It is made by a buck DC-DC converter switching amplifier, that will be a high efficiency 

current source. It is based on a transistor acting as a switch, an inductor that defines the 

switching frequency and a diode that connect to ground the discharge from the inductor. 

 

Figure 3.2 shows the schematic of the complete circuit designed for P-II including an 

integrated power supply for small voltages, with the blocks mentioned earlier. 

 

Figure 3.2. Circuit designed based on the blocks defined for the envelope amplifier 

3.2 Circuit Simulation and optimization 

The simulations were conducted using LT-Spice for the circuit simulations and 

MATLAB for the processing and pre-processing of the signals.  
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Figure 3.3. Simulated circuit from LT-Spice 

 

The simulations can show the power distribution and the envelope behavior when passing 

through the envelope amplifier. Simulations also consider tolerance and some available 

characteristics for different components, tolerances shown in datasheets are used in 

simulations too. 

 

P-I is based on a MOSFET switch transistor, and P-II in two versions, one with the same 

MOSFET transistor with an improved linear stage and SLC, and the other adapted to 

work with a high electron mobility transistor (HEMT) GaN transistor [29][30] provided 

by Ferdinand-Braun-Institut, Leibniz-Institut fuer Hoechstfrequenztechnik (FBH) [31] . 

 

3.2.1 Software description and spice models  

LT-Spice is freeware software that works in Spice language. It can simulate electronic 

circuits based on models of the components and devices. These models are made from 

basic devices like resistors, capacitances, inductors, switches, current and voltages 

supplies that can represent the behavior of any electronic device or circuit. This 

simulation come to be very flexible and depending of the models used can give very 

realistic results. 

 

 LT-Spice calculates all the currents in all the simulated components and the voltages in 

all nodes, they are saved in an data array that can be uploaded into Matlab, then it is 

possible to further analyze and process the signals, further more than the simple analysis 

that LT-Spice can provide. 
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Switch models in Spice 

As a part of the project it was needed to create the model of a GaN transistor in LT-Spice 

to include it in simulations. In this case the HEMT transistor can be represented as a 

switch model. The core of the model is a switch with its input pins being the gate and 

source of the transistor, which threshold voltage is defined with Vp. Also it needs the 

resistivity of the switch in “on” and “off” states.  To complete the approximated transistor 

model it needs to include the Miller capacitances and all resistances of the connection 

paths inside the transistor. All of this can be well represented in LT-Spice to obtain a 

proper device model. 

3.2.2 Efficiency simulations 

As mentioned before the envelope amplifier should have high efficiency so it increases 

the efficiency of the PA system. Then in order to make some efficiency simulations it is 

necessary to define the voltage supplies needed and know the power that reaches the load, 

i.e. the current and voltage at the load. The supply voltages used are three: The supply for 

the switching amplifier VDD that will give most of the power directed to the load (the PA), 

another supply for the amplifiers used at the linear amplifier part and the SLC, and other 

with lower voltage for the comparator CMP. 

 

Using Matlab there are a vast number of tools that can help in processing the simulations, 

one used here is called “LTspice2Matlab ( )”, this function translate data from LTSpice 

simulation results into Matlab arrays containing currents and voltage nodes in time, so 

then it is possible to upload all the necessary values from simulations.  The steps to take 

from this data is to identify the current and voltages vectors, thus the  calculation of the 

DC values of the power given by the supplies can be analyzed. 

 

Matlab analysis  

The calculation of the power for each supply can be calculation by: 
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Where Psup_DC is the power in DC provided by any supply source, and is the average 

voltage of the multiplication between its voltage Vsup that is a constant value for supplies 

and current Isup(n) that are discrete values taken in time during the simulations. N is the 

total number of discrete values recorded for each vector that contains the Voltage and 

current information. 
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In the same manner the power used by the load can be calculated taking the voltage of the 

signal at the load and the current thru the load that will have the shape of the envelope 

signal amplified to the levels needed to use at the PA.  
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Where Pload_DC is the DC power used by the load, in this case the PA, and the current 

Iload(n) and voltage Vload(n) now are both discrete values. The efficiency now will be the 

relation of the power delivered to the load over the power given by the power supplies. 
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Where  is the efficiency of the envelope amplifier Psup_i is the power of the M-th 

different power supplies. 

3.3 Circuit fabrication 

The fabrication of the circuit in all its prototype and variations were first designed in 

“eagle CAD” CAD software that can design circuit layouts. Once the layouts were 

designed the boards were manufactured in FR4 as there is no need for better 

electromagnetic properties because the signals are low-frequency of approximately 5MHz 

BW. The eagle designs are shown in Figure 3.4. 

 

(a) (b) 

Figure 3.4. Layouts of boards designed in eagle (a) prototype 1 P-I (b) prototype 2 P-II 

 

The design of the layout considers the shortest length of the linear amplifier path, which 

introduces the delay that will appear in the modulated signal that goes to the PA. In the 

same way the path of the switch is reduced in order to not introduce a larger delay in the 

switching signal compared to the linear amplifier. Other special considerations were 
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taken to avoid noise connecting close ground to critical components. Component 

specifications for layout were also used for the design to avoid undesired effects.  

 

A milling machine was used to draw the circuit paths in the copper, after which a layer of 

tin was added to the copper surface to facilitate the soldering process. The board is shown 

in Figure 3.5. 

 

Figure 3.5. Board manufactured of P-IIA after the tin layering. 

 

The components used are available in the local market with the exception of the GaN 

transistor that is property and manufactured by FBH. With the exception of the later all 

the components are surface mounted devices and were soldered with a compound of tin 

and lead in the laboratory.  

 

The final boards manufactured of P-I and P-IIB are shown in Figure 3.6. 

 

Figure 3.6. Complete boards of (a) prototype 1 P-I and (b) prototype 2 P-II 

 

 Figure 3.7 shows a close-up on the GaN transistor [32] in P-IIB. It uses gold bone-wires 

to interconnect three cells of the HEMT transistor that complies with the requirement of 

1A of sourcing. 
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Figure 3.7. Close up on the GaN transistor in P-IIB  
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4 Modulator Analysis 

The main information to characterize are the efficiency of the envelope amplifier 

designed that will define how much back-off efficiency enhancement can be obtained for 

the overall ET system, and the linearity of the circuit that will lead to know the possible 

distortions and the time delay that has to be compensated by synchronization. 

4.1 Simulations 

The simulations of the circuit were conducted in LT-Spice as mentioned previously and 

the analysis was done in Matlab.  

4.1.1 AM-AM analysis 

In order to analyze the distortion effects of the envelope amplifier it is necessary to have 

properly synchronized signals. Any linear delay through the circuit must be minimized 

before the analysis. Commonly, the synchronization is carried out in the frequency 

domain where the linear phase shift is detected and eliminated so the restored 

synchronized signal is retransferred to time-domain [33]. 

 

Due to the fact that the envelope amplifier only works with the envelope of the signal 

most of the phase information is missing. Therefore a different method of 

synchronization has to be used. The analysis can be carried out in time domain using the 

method of cross-correlation which can compare in time domain the relation (similarities) 

of the input and output signal and help to find how much the difference is in time 

between them [34]. 

 

The cross-correlation is a method used with stochastic processes used to estimate how 

correlated two sequences are.  The estimation ideally is taken from an infinite set of 

samples. Its application in Matlab is shown in [35] with the following formula: 

   mnnnmnxy yxEyxEmR   **)(    (26) 

 

Where x and y are jointly stationary random processes, in this case the signal vectors, and 

the sample indexes n and m.  

 

Infinite sequences can not be analyzed practically therefore (26) should be adjusted for 

finite set of data. The function used by Matlab “xcorr()” calculates from a finite set of  
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data giving as a result a sequence 2*N-1 long vector, where N is the length of the data, 

and calculated by default with the following formula: 




















)(ˆ
)(ˆ

1

0

*

mR

yx
mR

yx

mN

n

nmn

xy
   (27) 

Where x and y are finite set of data of length n and m respectively, with N being the 

longest.  

 

The method maximizes the correlation between the signals shifting in time the output 

signal. By taking the correlation between the input and output signal it is possible to find 

the shift (delay) of the path, then adding time compensation to the input signal the 

correlation factor can be taken to a maximum value which is the representation of the 

synchronized point of the signals. Special consideration has to be taken because the time 

delay is much smaller than the sampling resolution, therefore smaller step variations must 

be created in the corresponding time vector to fine tune the synchronization to a wanted 

accuracy. To increase the resolution a new time vector is created based on the original but 

with more number of points (higher resolution), then the signals is adapted though 

interpolation techniques (re-sampling), in Matlab as the available functions are: “interp”, 

“interp1”, “spline”, etc, the most adequate method to use here is “spline”, it can correct 

signals with high variation in time and tries to keep the complete shape of the signal, even 

though it may need corrections in the starting and ending points.  

 

The AM-AM analysis can be severally distorted when no synchronization has been 

conducted. This can be seen by comparing the AM-AM plots for the signals with and 

without synchronization, as shown in Figure 4.1. 

 

Figure 4.1. comparison of AM-AM of signals  
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Some distortion of the non-synchronized signals can be seen in low output values (below 

-27 dB), with high input values (above –15 dB), and can be seen that the synchronized 

case these are reduced leaving other distortion effects to be analyzed. 

 

4.1.2 Retrieving the IQ data from LT-Spice 

A problem found to analyze the signals of the envelope amplifier is that in its nature it 

only uses the envelope A(t), but in this way the phase (t) is not simple to analyze. 

Therefore the transfer function of the envelope amplifier has to be found. To do this the 

only available information are the input signal A(t) and the output envelope signal Ao(t). 

The non-linearity information can be analyzed using the Fourier transform of A(t) and 

Ao(t) as shown in the following formula defining the transfer function H(). 
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Where U() is the amplitude difference in the signals and Q() is the phase difference 

between the input and output signals.  

4.2 Measurement setup  

For measurements of the envelope amplifier a simple system is used. An arbitrary 

waveform generator AWG (Agilent 33250A) loaded with a signal previously prepared in 

Matlab and an oscilloscope (HP 54645A) to measure and record the data in a computer 

file using the software “Intuilink” provided by Agilent, that allows to load signals in the 

AWG and upload the signals measured in the oscilloscope. With a power supply that 

provides 4 different values connected to the fabricated board of P-I and P-II. Figure 4.2 

shows the distribution of the equipment mentioned previously. 

 

Figure 4.2. Measurement setup for the envelope amplifier. 
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4.3 Analysis 

4.3.1 Prototype 1 (P-I) 

Power efficiency 

The efficiency of the design is vastly depending on the load conditions and signal used. In 

this design some non-core parts have been added to make the solution more modular for 

future improvements using other switch technologies. The expected power consumption 

for the individual additional (non-core) stages is shown in Table I. 

 

Table I. Power consumption for the used devices P-I 

 Power consumption Comments 

Voltage amplifier +18 V 170 mW For an amplification of 
G=14dB 

Voltage amplifier –5 V 41 mW 

Switch level control +18 V 161 mW From the 18V supply 

+5 Voltage control  45 mW  

TOTAL (dead power) 417mW  

 

This implies that the maximum efficiency of the device is reduced to 97.2 % based on a 

15 W design. The comparator stage power consumption is constant and accounts for a 

power loss of 14.3 mW. 

 

The power supplied to the active part of the envelope amplifier varies in relation to its 

output voltage and load impedance. Figure 4.3 shows the supplied powers for each 

voltage source in relationship to different input voltages for a load impedance of 50  in 

the low operating frequency range. 
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Figure 4.3. Simulated and measured supplied power for the different supply voltages with a 50  

load at 10 kHz. 

 

Figure 4.4 shows the supplied powers for each voltage source in relationship to different 

input voltages for a load impedance of 50  in the high operating frequency range. It 

shows small differences in the SW power mainly due to calculation factors. The power in 

simulations was calculated integrating the current times the correspondent voltage, and 

the power of measurements was using the average current obtained from the power 

supply times the voltage. These two methods considering the difference in calculation 

precision results in a small difference that can appear as difference of power. Thus the 

difference is mostly due to the lesser precision in the current measurements. 

 

Figure 4.4. Simulated and measured supplied power for the different supply voltages with a 50  

load at 1 MHz frequency. 

Figure 4.5 shows the supplied powers for each voltage source in relationship to different 

input voltages for a load impedance of 15  in the high operating frequency range. 
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Figure 4.5. Simulated and measured supplied power for the different supply voltages with a 15  

load at 1MHz frequency. 

Figure 4.6 shows the measured and simulated overall efficiency of the envelope tracking 

amplifier in relationship to different input voltages for a load impedance of 50  and 15 

in the low operating frequency range. The efficiency in the measurements is high at 

higher input voltage, the SW of the board if giving more power and most of it reaches the 

load. The linear amplifier is working in a more efficient point because its board design 

was made considering the lowest quiescent current at a load of 50  

 

Figure 4.6. Simulated and measured efficiency for 50 and 15 load at 10 kHz. 
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AM-AM for simulated and measured data on P-I 

Simulated data 

The sampling frequency used in simulations is 26.88 MHz that gives a time window of 

37.2 ns from sample to sample. Therefore any delay smaller in time is not found directly. 

The method used maximizes the correlation series inside this time frame. It finds the peak 

value of the correlation and with it the best correlated point. This process helps to 

synchronize the signals.  

 

By taking the correlation factor calculated at every step of delay used, in this case going 

from -18ns to 18ns of time shift, the best time correction needed for synchronization can 

be found.  

 

Figure 4.7 shows the highest peak of the correlation magnitude (blue constant line) over 

the time frame surrounding a sample point. And the red star shown shows the correlation 

magnitude of the signals over the original sampling rate. This shows that the delay of the 

envelope amplifier is smaller than the smallest time step got from the measurements. The 

correlation method shows a fine correlation tuning. 

 

Figure 4.7. Correlation magnitude around a single sample point, simulated from P-I 

 

Prototype 1 P-I was tested over the envelope of a WCDMA signal. Figure 4.7 shows the 

correlation function, where the best correlated point appears around -7 ns, i.e. the time 

mismatching between the signals. 
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After the synchronization the amplitude distortion of the AM-AM plot are now only 

related to the behavior of the envelope amplifier. Figure 4.8 shows the AM-AM plot, 

where some distortion effects can be found. 

 

Figure 4.8. AM-AM plots for simulations in P-I 

 

Figure 4.9. AM-AM plots for simulations in P-I close up to linear section AM-AM plots 

for simulations in P-I close up to linear section shows closely the appearance of the linear 

section, coming from -15dB to 0dB of input power, where it is possible to identify some 

other distortions explained later.   Figure 4.8 

 

Figure 4.9. AM-AM plots for simulations in P-I close up to linear section 

 

The plots can be divided in three different sectors. 

 Lower input levels (below –15 dB): shows the lowest level limit, which comes 

from the fact that the envelope amplifier can not generate voltages below 3.5 V. 

In relation with the input it will appear like the gain is much higher for low input 

voltages.  
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 Close to linear section: defined to be above –15 dB input level, shows a linear 

behavior for the amplifier, that means that the gain is kept constant acting more 

closely to linear amplifier. This section is covered with other distortions and is 

explained later.  

 Distortions: The distortions appearing around the two previous sections. Now 

that the signals are synchronized it is possible to say they are products of memory 

effects i.e. distortions that depend on the previous part of the signal (depends on 

the past), caused by the envelope amplifier circuit.  

The distortion is produced mainly in the buffer amplifier. It is responsible for most of the 

distortions seen. The buffer’s characteristics (taken from datasheet) shows a gain drop of 

around 0.8 (for both of prototypes) for the impedance and voltages used; this is noticeable 

mainly for the peaks and valleys. Thus it compresses the peaks and for signals as 

WCDMA it creates some memory effects. These memory effects appear when valleys 

and peaks are too close between each other; the gain variation of both will create a 

compression, resulting in non-linear distortion. As this distortion is created depending of 

a range of time of the signal this effects are some type of memory effect that can still be 

predicted, and solved for the future. 

Figure 4.10 shows the comparison in time domain of the normalized input and output 

signals, showing the compression effects and the best synchronization achieved with the 

cross-correlation method applied. 

 

Figure 4.10. Normalized input and output signals compared in time domain for P-I simulations 

 

Figure 4.11 shows the plot of the AM-AM gain related to the output voltage level 

showing clearly the low limit voltage within 3.5V output voltage. It is possible to mention 
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that the distortion of the lower limit affects in less quantity the rest of the signal, and the 

linear gain part clearly show linear behavior with some small compression in the higher 

output voltages. 

 

 

Figure 4.11. AM-AM gain vs. the output voltage signal of P-I simulations 

 

Measured data 

Figure 4.12 shows the correlation function and it can be seen that the correlation 

magnitude increases around 20 ns later than the sample point position, i.e. 20ns delayed. 

 

Figure 4.12. Correlation magnitude around a single sample point, measured from P-I 

The AM-AM diagram obtained for the measurement of P-I are shown in Figure 4.13. 
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Figure 4.13. AM-AM plot from the measured data of P-I 

 

Even that the resolution in measurements is very low, the diagram let see some 

similarities with the previously explained definitions, where the three patterns can be 

identified. In the lower limit output voltages that would increase for a larger set of data. 

Compared to the “boot” shape previously seen it is possible to say that with more data it 

will fulfill the characteristic shape. The memory effect distortions appear above -15dB of 

the input power and below 0dB of the AM/AM values, but a linear gain that takes the 

majority of the point from the data but does not show a clear linear pattern as needed.  

Figure 4.14 shows the comparison in time domain from the normalized input and output 

signals, showing the synchronization result and the compression effects found at the 

lower input limit voltage and the high peaks compression. 

 

Figure 4.14. Normalized input and output signals compared in time domain 
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Phase analysis 

The phase analyzed for P-IIB as mention in Section 4.1 is shown in Figure 4.15, some 

high distortions for frequencies higher than 5MHz, and relatively less under this 

frequency.  The phase under this band gives the possibility to be solved using digital 

techniques like look up tables to modify the input signal or digital pre-distortion (DPD), 

and can be further improved for the complete system implementation.  

 

 

Figure 4.15. Simulated of output phase at the output or the envelope amplifier P-I 

4.3.2 Prototype 2 (P-II) 

Power efficiency 

As mentioned for P-I there is a constant consumption power that does not depend of the 

input signal, in P-II with a new design the power figures shows a small change as shown 

in Table II. 

Table II. Power consumption for the used devices P-II 

 Power consumption  

Voltage amplifier +18 V 202,5 mW For a amplification of G=14dB 

Voltage amplifier –5 V 40,2 mW 

Switch level control +18 V 202 mW From the 18V supply 

+5 Voltage control  12 mW  

TOTAL (dead power) 456,7mW  

 

Then the maximum efficiency of P-II is reduced to 97.0 % designed for 15 W. The 

values are almost the same as in P-I because the changes of design have been small in the 

devices that uses the dead power. 
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Silicon transistor power efficiency (P-IIA) 

In Figure 4.16 is shown the power supplied by the 15V, 18V and -5V power supplies, 

measured and simulated. The values were obtained using CW with different average input 

voltages for a 50 load for the high frequency range for P-IIA 

 

Figure 4.16. Simulated and measured supplied power for the different supply voltages with a 50  

load at 1 MHz frequency in P-IIA. 

 

Figure 4.17 shows the supplied powers for each voltage source in relationship to different 

input voltages for a load impedance of 15  in the high operating frequency range 

measured and simulated for P-IIA. 

 

The results for simulated and measured for 50  and 15W show that a good agreement 

between the simulated results and the measured ones.  
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Figure 4.17.  Simulated and measured supplied power for the different supply voltages with a 15  

load at 1MHz frequency for P-IIA 

 

Figure 4.18 shows the measured and simulated overall efficiency of the envelope tracking 

amplifier in relationship to different input voltages for a load impedance of 50  and 15 

in the low operating frequency range for P-IIA. 

 

The efficiency from the measurements now shows a constant difference of about 10% 

from the simulated results.  The difference appears because the measured average power 

at the output is lower than the one found in the simulations, then the power at the load is 

smaller and the efficiency too. One of the reasons for this is that the average power at the 

measurements is lower because it is taken from less number of points of the signal and in 

simulations uses the whole data of the signal, thus the average calculated from 

measurements is less precise. The other reason responsible for the constant difference is 

that the power consumed for the circuit board is higher because the extra on-board power 

supply utilized, then the power consumption increases and thus the efficiency decreases 

with an almost constant rate.  
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Figure 4.18. Simulated efficiency for 50 and 15 load at 10 kHz for P-IIA. 

 

The phase variation measured for different frequencies of a CW is shown in Figure 4.19, 

where for higher frequencies there is bigger phase variation. The pattern is repeated in the 

same way for different voltages peak-peak utilized in the testing signal, the main 

variation though is the measurement error coming from the oscilloscope. The 

oscilloscope takes the phase from the portion of the signal that appears in its screen. It 

then introduces a measurement error due to the fact that not all the measurements are 

done over the same portion of signal. 

 

Figure 4.19. Phase variation over different frequencies measured for prototype 2 P2, with a load of 

50 and 13,5Vpp. 
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GaN transistor power efficiency (P-IIB) 

Prototype 2 B (P-IIB) was design to test and analyze the possible improvements when 

using a HEMT transistor as a switch.  

 

The design included some complications as the switching stage depends of the 

characteristics of the envelope signal used. The transistor is normally on, and requires 

“Gate-Source” relative negative voltage, the one that is defined by the SLC section. 

Considering that in the GaN transistor the drain should be connected to supply and the 

source to load, a special SLC was designed making the on-off behavior dependant of the 

signal voltage to trigger the switching. Therefore P-IIB was designed to work only with 

signals with high PAPR like WCDMA, limiting the analysis in power.  

 

The signal was analyzed in time domain for measurements and simulations as shown in 

Figure 4.20 and Figure 4.21 respectively.  

 

Figure 4.20. Comparison of WCDMA measured signals at input and output of P-IIB 

 

Figure 4.20 shows the correspondence of the input and output WCDMA signals measured 

from P-IIB. As can be seen the lack of resolution resample then produces a distorted 

signal, but it is still to see the amplitude relations of the signals. The input signal was 

scaled with a gain G=25, as was designed.  



 

 45 

 

Figure 4.21.  Comparison of WCDMA simulated signals at input and output of P-IIB 

 

Figure 4.21 shows the results of the simulations in time of the WCDMA signals for input 

and output done in LT-Spice. It is possible to observe the compression in the peaks and 

valleys, being bigger for the valleys of the signal. 

 

The measured PAPR at the input was 4.8dB and at the output 4.0 dB. The PAPR 

simulated gives 3.8dB at the output and 5.0dB at the input. The measured values are 

1.9dB for input and 1.6dB for the output and this is subjected to error due to the 

resolution (smaller number of points) obtained in the oscilloscope used but give an 

indication of the compression by the supply modulator. So with a large set of data 

measured the variation of PAPR from input to output could increase to values similar as 

showed for the simulations. 

 

The efficiency of P-IIB in simulations was 64.2% and in measurements decreases to 

45.6%. The efficiency drop is explained because with less data recovered measured 

WCDMA the average power is changed. The variation was seen to decrease from 8.7 

Vavg obtained in simulations to 7.4 Vavg obtained in the measurements, therefore 

resulting in less calculated power that reaches the load, thus decreasing the efficiency.  

 

Even though a decrease of around 9% in efficiency is expected due to the additional 

circuits used in the implemented prototype, the analysis have to be improved by means of 

using higher resolution and data capacity in the equipment used for measurements. 
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AM-AM for simulated and measured data on PII-A 

Simulated data 

From the simulated P-IIA using a complete set from the WCDMA envelope signal after 

the proper synchronization and normalization explained above can show a more complete 

AM-AM plot, defining all the possible gain levels related to the possible input signals. As 

shown in Figure 4.22, where a pattern can be seen. 

 

Figure 4.22. Normalized AM-AM plot for P-IIA 

 

Figure 4.23 shows the corresponding normalized input and output signals for P-IIA 

showing the compression effects and the lower input voltage limit. The green positive 

sign shows the input signal and the blue circle signs show the output signal 

 

Figure 4.23. Normalized input and output signals compared in time domain for P-IIA 
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In order to show the lower voltage input limit effects Figure 4.24, shows an AM-AM gain 

distortion in comparison to the output voltage signal, where is possible to see the limit 

near to 3V of output voltage. The side effect is the high increment of the gain of those 

signals appearing conglomerated near the limit. There is also some signs of compression 

for the highest output values, showing that for the higher peaks the gain is reduced. 

 

Figure 4.24. AM-AM gain vs. the output voltage signal of P-IIA 

 

Measured data 

From measurements with P-IIA after synchronization and normalization it is possible to 

get the AM-AM plot as shown in Figure 4.25. It shows some distortions that may be 

caused by memory effects in the circuit. 

 

Figure 4.25. Normalized AM-AM plot for measurements in P-IIA  
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Figure 4.26 shows the corresponding normalized input and output signals for P-IIA 

showing the compression effects and the lower input voltage limit. The green positive 

sign shows the input signal and the blue circle ones show the output signal 

 

Figure 4.26. Normalized input and output signals compared in time domain  

for measurements in P-IIA 

In order to show the lower voltage input voltage limit effects, Figure 4.27 shows an AM-

AM gain in comparison to the output voltage signal. It shows a good linearity in the mid 

range of output voltages but more distortion in the lower ones (below 5V). 

 

Figure 4.27. AM-AM gain vs. the output voltage signal of measurements in P-IIA 
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AM-AM for simulated and measured data on PII-B 

Simulated data 

The simulation for a complete data set of WCDMA envelope signal run for P-IIB after 

the proper analyze gives the AM-AM plot shown in Figure 4.28, where is possible to see 

the pattern previously described. Very high gains in lower input powers and linear region 

in the higher values can be seen. Also some memory effects are shown and compression 

can be identified in higher input power levels.  

 

Figure 4.28. normalized AM-AM plot for P-IIA 

Figure 4.29 shows the comparison in time domain of the normalized input and output 

signals, showing the compression effects and the best synchronization achieved with the 

cross-correlation method applied. 

 

Figure 4.29. Normalized input and output signals compared in time domain for P-IIB 
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Figure 4.30 shows the plot of the AM-AM gain related to the output voltage level 

showing the low limit voltage within 3.5V output voltage. The linear gain part clearly 

shows a linear behavior with some small compression in the higher output voltages. 

 

 

Figure 4.30. AM-AM gain vs. the output voltage signal of P-IIB 

Measured data 

Figure 4.31 shows the correlation function to find the best correlated time shift needed to 

synchronze the input to the ouput signals. It shows nearly 20ns of delay as seen 

previously in Figure 4.1. 

 

Figure 4.31. Correlation magnitude over one sample division, measured from P-IIB 
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From the data of the measurements it is possible to show the amplitude distortion effects 

by showing the AM-AM plots. Figure 4.32 and Figure 4.33 show the AM-AM plots for 

two different resolution measurements, where some distortion effects can be found. 

 

 

Figure 4.32. AM-AM for measured data on P-IIB with a time set of 100us 

 

Figure 4.33. AM-AM of measured data on P-IIB with time set of 200us 

 

Figure 4.34 shows the signals in time domain, where is possible to see the distortions 

previously mentioned in the three different sections.  
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Figure 4.34. Time domain result from measured data of P-IIB 

 

Phase analysis 

The phase analyzed for P-IIA as mention in Section 4.1 is shown in Figure 4.35. As seen 

before shows high distortion for higher frequencies. In P-II the distortions beneath the 2 

MHz BW are smaller and give the possibility to be corrected DPD. 

 

Figure 4.35. Simulated output phase at the output or the envelope amplifier P-II 
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4.3.3 Comparison of P-IIA and P-IIB 

AM-AM comparison 

The AM-AM plots of simulations for the two versions of prototype 2 shows clearly 

difference and can be seen closely in Figure 4.36, where the response for P-IIA is in blue 

dots and for P-IIB is in red points.  

  

Figure 4.36. Comparison of the AM-AM plots for P-IIA and P-IIB 

 

The figure shows more distortions for P-IIA, between which more memory effects appear 

below 0 dB gain for the higher input levels. The difference between the two versions is 

the switch transistor and is possible to say that for faster switch response (GaN of P-IIB) 

the memory effects are reduced. 

 

Figure 4.37 shows the comparison of the AM-AM plot for the simulations and 

measurements together with the measurements of P-IIB. There is a clear correspondence 

between the simulations and measurements of P-IIA. As well the difference that P-IIA 

and P-IIB have, with less distortions appearing in the later. 
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Figure 4.37. Comparison between P-IIA simulated with P-IIA and P-IIB measured. 

 

Figure 4.38 Shows the AM-AM plot for P-IIB comparing the response when the load is 

50  and 15 . 

 

Figure 4.38. Comparison of the response of P-IIB with 15  and 50  load. 

 

There is a deviation difference showing higher gain for the lower input power when the 

load is 15  but a clearer behavior for the linear part, showing less memory effects. In 

general a more defined shape is obtained for 15  with some compression in high input 

power levels that for 50  can be hidden by the memory effects.  
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Gain vs. output voltage comparison 

Figure 4.39 shows the comparison between simulations and measurements of Gain vs. 

output voltage for P-IIA. The measurements keep relation to the simulations, it can be 

expected that for more measured points the shapes will be even more similar. The small 

differences at the low output voltages show a higher lower voltage limit.  

 

Figure 4.39. Gain vs. output voltage of P-IIA simulated and measured with 50 load. 

Figure 4.40 compares the gain vs. output voltage response for simulations and 

measurements with 50  load impedance together with 15  measured. 

 

Figure 4.40. Gain vs. output voltage of P-IIA for 50  simulations and 15  and 50  measured. 
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Probability density function (PDF) 

For further comparison, the probability density function (PDF) can be used. Figure 4.41 

shows a comparative plot of the pdf of the WCDMA envelope signal, used as input 

signal, and the output signals of the prototype 2 circuit in version A and B. It shows that 

P-IIB keeps better relation to the input signal than P-IIA. The signals were normalized to 

the maximum value in each case, so all their peaks coincide in the maximum point of the 

scale. 

 

Figure 4.41. PDF distribution for input and output signals 
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5 Summary 

The envelope modulators for EER and ET systems were analyzed. A great potential in the 

HSA envelope modulators incentivize the evaluation and design of two different 

prototypes based on state of the art amplifier.  

 

Two prototypes P-I and P-II were designed and tested. P-II was used in two versions A 

and B comparing silicon and gallium-nitride transistors respectively. P-I shows a good 

performance and high efficiency for signals like WCDMA. P-II further increase the 

capabilities of voltage range keeping very high efficiency, making it attractive for high 

voltage PAs.  

 

AM-AM plots for the different prototypes P-I, P-IIA and P-IIB show different distortion 

effect created in the envelope amplifier. Memory effects are found and identified to be 

created as result of the mixed response in the linear and switching stages. Time domain 

analysis shows clearly the distortion made by the circuit. And a plot of the gain over the 

output voltages can show the limit of low voltages and the effect it creates for the rest of 

the signal. 

 

The phase recovery is complicated in a system with a signal that does not contain phase 

information itself. Therefore an approximation of the phase changes over frequency is 

shown finding the possible distortions in phase. The phase shift was also found in 

measurements giving an approximated value of the phase shift for different frequencies 

input signals. 
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6 Conclusions 

Alternative technologies for a supply modulator based on the hybrid switch amplifier 

(HSA) have been investigated. The dual characteristic of the HSA, the low frequency 

switch mode and the linear high frequency part offers the possibility to optimize the 

efficiency through improvements in the circuit design for the alternative switch 

technologies investigated.  

 

The peak efficiency for HSA circuits can be further improved by reduction in the dead 

power, the power not directly used to modulate the signal. Furthermore the dissipated 

power can be reduced by improving the linear stage amplification, like using a more 

efficient amplifier. Improvements like this will increase the overall efficiency. 

Improvement can also be found by tuning the complementation between the linear and 

switching stage, this is done by increasing the switching frequency to a maximum level 

where there are few distortions to the signal, thus supplying much of the power of the 

amplifier. Thus the linear amplifier needs to supply less power reducing its losses and 

using more the high efficiency of the switching amplifier. 

 

The prototypes P-I and P-II designed show high efficiency (> 60%) in results, enough to 

increase the back-off efficiency in EER or ET systems. The measurements are consistent 

with the simulations; confirming that the design method is correct and can be used for 

further optimizations. The linearity of the systems is shown to be poor. Gain decrease and 

phase lag is evident already at a 5 MHz bandwidth. The gain drop and phase lag are 

however simply modeled and may be compensated with e.g. a look up table.  

 

The analysis shows that for signals with adequate average power levels the efficiency is 

still high, with around 70% efficiency for WCDMA signals. This is expected to be even 

better for the GaN-HEMT switch designed in the PII-B board. Further optimizations is 

required to get see the full potential of this technology.   

 

The amplitude distortions show some common pattern of gain error, which are dependent 

of some devices in the circuit. These distortions can be reduced by tuning the designed 

circuit adjusting the gain error of the amplifiers to an appropriate level depending of the 

signal to be used.  
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Some memory effects were found, and are result of the envelope amplifier as a whole, 

depending of distortions produced by the linear stage and the switching stage working 

together. And when comparing the results of P-IIA and P-IIB it is found that with a faster 

switch transistor there are fewer distortions introduced in the output signal.  

 

The phase shows to be problematic to find because the signals used are just magnitudes, 

i.e. the envelope signal. The method used can show in some magnitude the bandwidth 

affected by distortions, but the best choice to analyze is to use the complete ET system 

where the full signal of WCDMA can be used and analyze properly. 
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Appendix A. Modulated Wideband Signals 

A. 1. Wideband Code Division Multiple Access (WCDMA) 

The main characteristics of the WCDMA signal and its generation are expressed in Table 

III from where the BW of a channel is said to be 5 MHz and the peak-to-average-power 

ratio (PAPR) is 6dB. 

Table III. Specifications for WCDMA 62[36] 

Channel bandwidth 5MHz 

Duplex mode FDD and TDD 

Downlink RF channel structure Direct spread 

Chip rate 3.84Mbps 

Frame length 10ms 

Spreading modulation Balanced QPSK (downlink) 

Dual-channel QPSK (uplink) 

Complex spreading circuit 

Data modulation QPSK (downlink) 

BPSK (uplink) 

Filtering Square root-raised cosine Nyquist filter or RRC-

filter 

Channel coding Convolutional and turbo codes 

Coherent detection User dedicated time multiplexed pilot (downlink 

and uplink). Common pilot in the downlink 

Channel multiplexing in downlink Data and control channels time multiplexed 

Channel multiplexing in uplink Control and pilot channel time multiplexed I&Q 

multiplexing for data and control channel 

Multirate  Variable spreading and multicode 

Spreading factors 4-256 (uplink), 4-512(uplink) 

Power control Open and fast closed loop (1.6KHz) 

Spreading (downlink) OVSF sequences for channel separation  

Gold sequence 2
18

 – 1 for cell and user separation 

(truncated cycle 10ms) 

Spreading (uplink) OVSF sequences, gold sequence 241 for user 

separation (different time shifts in I and Q channel, 

truncated cycle 10 ms) 

Handover Soft handover 

Inter-frequency handover 

The power spectral density of the output signal is shown in Figure A.7.1. It shows the 5 

MHz bandwidth that corresponds to a single-carrier WCDMA channel. 

 

Figure A.7.1. Spectrum of a single WCDMA channel. 
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A. 2. Long Term Evolution (LTE) 

LTE is the evolution of mobile cellular communications technology towards a full edge 

to edge broadband IP network. It was introduced in 3
rd

 Generation Partnership Project 

(3GPP) Release 8 [38]. It is meant to simplify the technology for next generation, 

upgrading UMTS to 4G mobile communications.  

Within the main characteristics of LTE it should provide high data rate, low latency and 

packet optimized radio-access technology able to work with a flexible bandwidth 

deployments going to a maximum of 20 MHz per radio channel, thereby improving the 

spectrum efficiency [37]. The main specifications are shown in Table IV, and can be 

found in 3GPP release 8 [38]. 

Table IV. Specifications for LTE 

Access Scheme DFTS-OFDM (UL) 

OFDMA (DL) 

Bandwidth 1.4, 3, 5, 10, 15, 20 MHz 

Duplexing FDD, TDD, half-duplex FDD 

Minimum TTI 1msec 

Sub-carrier spacing 15KHz and 25Khz (in future) 

Cyclic prefix length 4.7usec (short) 

16.7usec(long) 

Filtering Not specified,  

Raised-cosine filter (RRC), most common 

Modulation QPSK, 16QAM, 64QAM 

Spatial multiplexing Single layer for UL per UE 

Up to 4 layers for DL per UE 

MU-MIMO supported for UL and DL 

Channel coding  Turbo Code 

Other techniques techniques Channel sensitive scheduling, link 

adaptation, power control, ICIC and hybrid ARQ 

Peak data rate 173 and 326 Mb/s for 2 × 2 and 4 × 4 MIMO, 

respectively (DL) 

86 Mb/s with 1×2 antenna configuration (UL) 

 


