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ABSTRACT 

The goal for this thesis was to characterize an envelope tracking RF transmitter 

system and conclude possible benefits from it compared to existing solutions. 

Characterization was done with Matlab based measurement setup for a test 

board which consisted of an envelope modulator and a power amplifier. 

Measurements were done with two different types of power amplifiers.   

Before performance measurements, measurement setup was build and 

verified. After the verification, delay was calibrated between the envelope and 

the radio frequency signal path. Delay calibration showed that the delay 

mismatch cannot be too high in order to keep sufficient linearity. The width of 

the delay budget was depending from the compression level of the power 

amplifier and the bandwidth of the signal. After delay calibration, the 

instantaneous input power and supply voltage for the power amplifier was 

linked with a mapping table. Aim of the mapping table was to provide constant 

gain behavior with sufficiently low phase distortion. Constant gain was achieved 

by adjusting the mapping table. The worst phase distortion was only 4 degrees 

so digital predistortion was not found mandatory for a final product.  

Basic performance measurements were completed for different temperatures 

between -15 ℃ to +55 ℃. Basic measurements include adjacent channel power 

ratio and spectrum emission mask measurements. It was shown that increase of 

temperature deteriorated performance but still it was exceeding the targets. 

Advanced measurements were done in the room temperature and those 

included receiver band noise and load pull measurements. Receiver band noise 

was higher than with typical average power tracking solution, but it is not 

expected to cause significant receiver desensitization. The results for load pull 

measurements were good.  

Finally, different mapping tables were studied and performance comparison 

between envelope tracking and average power tracking was done. Mapping 

table study showed that the available output power, system efficiency, adjacent 

channel power ratio and spectrum emission mask were strongly dependent on 

the used mapping table. Linearity and efficiency were considered 

simultaneously by using a sum of ACPR and system PAE as a figure of merit. 

Combined performance for envelope tracking was significantly better than for 

average power tracking with all three bandwidths which were measured.  

Examined envelope tracking architecture was found to be a promising 

solution for mobile devices. Performance measurements denoted higher system 

efficiency and linearity than with existing solutions for high output powers. Few 

drawbacks for envelope tracking were found but when considering all the pros 

and cons, go / no go decision is dependent on the requirements and targets of the 

final product. 

 

Key words: supply voltage modulation, ET, linearization, performance 

measurement.  
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TIIVISTELMÄ 

Tämän diplomityön tarkoituksena oli karakterisoida verhokäyräseuraajan 

sisältävä RF-lähetin ja päätellä sen mahdolliset edut aikaisempiin järjestelmiin 

nähden. Karakterisointi suoritettiin Matlab-pohjaisella mittausjärjestelmällä 

testilevylle, joka sisältää verhokäyräseuraajan ja RF-tehovahvistimen. 

Mittauksia tehtiin kahdella erityyppisellä vahvistimella.  

Ennen suorituskykymittauksia mittausjärjestelmä rakennettiin ja sen 

toimivuus varmennettiin. Tämän jälkeen viive verhokäyräsignaalin ja 

radiotaajuisen signaalin välillä kalibroitiin. Viivekalibrointi osoitti, että viive 

tulee säätää tarkasti, jotta hyvä lineaarisuus säilytetään. Viivebudjetin leveyteen 

vaikutti tehovahvistimen kompressioaste ja käytetyn signaalin kaistanleveys. 

Viivekalibroinnin jälkeen hetkellinen tuloteho linkitettiin tehovahvistimen 

käyttöjännitteeseen ajokäyrän avulla. Ajokäyrän tarkoituksena oli tuottaa 

vakiovahvistus riittävän pienellä vaihevirheellä. Vakiovahvistus saavutettiin 

muokkaamalla ajokäyrää. Suurin vaihevirhe oli ainoastaan 4 astetta, joten 

digitaalisen esisärötyksen tarvetta lopputuotteelle ei löydetty.  

Yksinkertaiset suorituskykymittaukset tehtiin eri lämpötiloissa välillä -15 ℃ - 

+55 ℃. Ne sisälsivät viereisen kanavan tehon sekä spektrin emissiomaskin 

mittaamisen. Mittauksilla osoitettiin, että lämpötilan nostaminen heikensi 

suorituskykyä, mutta silti suorituskyky ylitti sille asetetut tavoitteet. 

Edistykselliset suorituskykymittaukset sisälsivät vastaanotinkaistan kohinan 

sekä impedanssiepäsovituksen mittaamisen ja ne suorittiin huoneenlämmössä. 

Vastaanotinkaistan kohina oli korkeampi kuin tyypillisellä keskimääräisen 

tehon seuraajalla, mutta sen ei arvioitu aiheuttavan merkittävää vastaanottimen 

epäherkistymistä. Tulokset impedanssiepäsovitukselle olivat hyviä.  

Lopuksi useita eri ajokäyriä tutkittiin ja verrattiin verhokäyräseuraajan ja 

keskimääräisen tehon seuraajan suorituskykyä. Ajokäyrien tutkimukset 

osoittivat, että saatavilla oleva lähtöteho, järjestelmän hyötysuhde, viereisen 

kanavan tehon suhde sekä spektrin emissiomaski riippuivat voimakkaasti 

käytetystä ajokäyrästä. Sekä lineaarisuus että hyötysuhde otettiin huomioon 

vertailussa summaamalla viereisen kanavan tehon suhde järjestelmään lisätyn 

tehon hyötysuhteeseen. Yhdistetty suorituskyky verhokäyräseuraajalle oli 

huomattavasti parempi kuin keskimääräisen tehon seuraajalle kaikilla kolmella 

mitatulla kaistanleveydellä.  

Tutkittu verhokäyräseuraaja on lupaava ratkaisu kannettaville laitteille. 

Suorituskykymittaukset osoittivat parempaa järjestelmän hyötysuhdetta ja 

lineaarisuutta korkeilla lähtötehoilla verrattuna nykyisiin ratkaisuihin. 

Muutamia haasteita verhokäyräseuraajalle löytyi, mutta kun otetaan huomioon 

kaikki plussat ja miinukset, päätös verhokäyräseuraajan käyttöönotosta 

riippuu lopputuotteen vaatimuksista ja tavoitteista.  

 

Avainsanat: käyttöjännitemodulaatio, ET, linearisointi, suorituskykymittaus. 
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1. INTRODUCTION 
 

Power efficiency of a mobile device is a critical system design parameter due to 

limited amount of battery resources. Radio Frequency (RF) subsystem is a significant 

power consumer especially when data call is active. A Power Amplifier (PA) is the 

most power consuming single component in the mobile device at high Transmitter 

(TX) power levels. The transmitter power efficiency should therefore be maximized 

to increase the battery life time.  

The transmitter power efficiency is poor when modern modulation methods are 

used to get a higher throughput. The reason for this is increasing demands on the PA 

linearity and growth of the RF signal Peak-to-Average Power Ratio (PAPR). In order 

to achieve sufficient level of linearity at the PA output, the PA input power has to be 

reduced according to the signal PAPR value. Reduction of the input power causes a 

major drop to the efficiency.  

There are different ways to increase the system level transmitter efficiency and 

this thesis concentrates on modulating the collector voltage (Vcc) of the PA. There are 

a couple of collector voltage adjustment ideas and those are Average Power Tracking 

(APT) and Envelope Tracking (ET). APT is already used widely in the mobile device 

industry but ET hasn’t made a commercial breakthrough in to the mobile devices yet. 

Average power tracking adjusts the PA collector voltage when the transmitted 

power level is changing. APT is able to set the collector voltage for one 3rd 

Generation Partnership Project (3GPP) power control slot time (0.5 ms). Envelope 

tracking takes this idea further as it tracks the instantaneous envelope of the RF 

signal and modulates the PA collector voltage accordingly. Envelope tracking is 

faster than average power tracking and it allows that the PA can be driven into a 

compression continuously and gain more efficiency benefits. ET uses optimal 

headroom so it reduces the heat dissipation more than APT. [1] 

This thesis concentrates on characterization of an envelope tracking system for a 

mobile device with a selected envelope modulator and two types of power amplifiers. 

The goal is to define the system parameters in such a way that the 3GPP 

specifications are fulfilled with sufficient margins and the maximum system 

efficiency is achieved. Measurements are done with a Matlab based ET test setup 

designed by Markus Nentwig.  

The structure of this thesis is that Chapter 2 contains theory and justification for 

envelope tracking. Chapter 3 defines the 3GPP system requirements with sufficient 

margins and Chapter 4 consist of implementation and measurement results. Chapter 

5 includes discussion and Chapter 6 summarizes this thesis. 
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2. THEORY AND JUSTIFICATION FOR ENVELOPE 

TRACKING 

2.1. Efficiency of RF Power Amplifier 

The power efficiency of an RF power amplifier is dependent from many factors. 

Usually some compromises between design parameters have to be done in order to 

get enough efficient or linear power amplifiers.  

 

Power Added Efficiency 

 

Efficiency of the RF power amplifier is usually described with Power Added 

Efficiency (PAE). It expresses how efficiently the PA can transform Direct Current 

(DC) -power to RF-power and it takes also the power of the input signal into 

account. PAE can be expressed mathematically as follows 

 

       
 o t     in

   

, (1) 

 

where Pout is the output power of the PA, Pin is the input power of the PA and PDC is 

DC-power delivered to the PA. When considering thermodynamic aspect, 1 – PAE is 

heat dissipation of the power amplifier. 

 

Peak-to-Average Power Ratio 

 

PAPR defines the ratio between the highest possible power value and the average 

power value. It can be expressed as follows 

 

        
  ea 

 a  

, (2) 

 

where Ppeak is the peak power and Pavg is the average power of the waveform. PAPR 

is usually expressed in decibels. PAPR is useful measure for modulations schemes to 

define how much the signal amplitude is fluctuating. Increasing demands of data 

throughput leads to more complex modulation methods which increases PAPR.  

 

Backoff 

 

Backoff is parameter which describes how much the input signal of the PA has to be 

reduced from compression level to get sufficient linearity. When PAPR increases, 

backoff needs to be increased also. This should be done because the highest possible 

power values start to clip when operated in compression. PAE drops significantly as 

the PA is operated at backoff. Therefore, average efficiency is much lower than peak 

efficiency for high PAPR signals. To summarize, a power amplifier backoff should 

be selected as a compromise between linearity and efficiency.  
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2.2. PA Nonlinearities 

A power amplifier can be considered as nonlinear if the output is a nonlinear 

function of the input. Nonlinearity appears in every real PA and thus nonlinearities 

should be understood. PA modeling offers a suitable solution for analyzing these 

nonlinearities. There are multiple different kinds of models for the PA but by using 

Taylor series expansion the spectral components can be calculated analytically with 

polynomials. This is possible if the input signal is a sine wave or sum of sine waves. 

This is a significant advantage of polynomial modeling and it requires less 

computational complexity. [2], [3] 

2.2.1. Intermodulation Distortion  

Intermodulation distortion is spectral regrowth when the input signal of a nonlinear 

system consists of two or more different frequencies. As mentioned in the beginning 

of Chapter 2.2, a memoryless nonlinear system can be modeled with an expansion of 

Taylor series. System output with the Taylor series can be expressed as follows 

 

      
 
    in    in

     in
       n in

n , (3) 

 

where y0 is the DC-component of the output signal, xin is the input signal, K1 is the 

linear small-signal gain and K2, K3, …, Kn are coefficients for high order 

nonlinearities. DC-component is the bias component and in this context it can be 

thought as 0. Generated signals depend on the degree of nonlinearity but usually 

intermodulation products of 2
nd

 and 3
rd

 order polynomial are the most significant. [3] 

Although the Taylor series expansion is quite easy and straightforward to 

calculate it is not generic enough for modeling the whole envelope tracking power 

amplifier. The envelope tracking PA has two modulated input signals which are the 

collector voltage and the RF input signal. The Taylor series expansion should have 

also two input variables for modeling the ET PA or a different kind of model should 

be used. The Taylor series can be applied for the envelope tracking PA to illustrate 

distortion mechanisms if Vcc is assumed to be constant. Similar distortion 

mechanisms can be found also in the ET PA as it is nonlinear device.  

Let use the Taylor series and assume the collector voltage to be constant. When 

two fundamental sinusoidal signals with the same amplitude and frequencies f1 and f2 

are the input for a 5
th

 order nonlinear system, the output is shown in Figure 2.1. As 

illustrated in Figure 2.1, second order polynomial produces frequency components f2-

f1 and f1+f2, third order polynomial produces 2f1-f2 and 2f2-f1 fifth order polynomial 

produces 3f1-2f2 and 3f2-2f1.  
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Figure 2.1. Spectral regrowth due intermodulation distortion.  

 

Spectral regrowth is not desired and thus the generated components should be 

filtered out. Harmonic components, which are integer multiples of the fundamental 

frequency components are far away in frequency domain and thus they can be 

filtered out quite easily. The same can be said also about 2
nd

 order products. 3
rd

 and 

5
th

 order products are very close to the fundamental frequencies and thus they are 

impossible to filter out. These 3
rd

 and 5
th

 order products are affecting to Adjacent 

Channel Power Ratio (ACPR) as well as to Spectrum Emission Mask (SEM).  

Intermodulation distortion can be reduced at the cost of efficiency by increasing 

backoff. When the output signal is compressed by 1 dB from the extrapolated linear 

gain, it is called the 1dB Compression Point (P1dB). Another important measure of 

nonlinear device is Third Order Intercept Point (IP3) which is described as an 

extrapolated intersection of the linear region and linear 3
rd

 order intermodulation 

distortion. IP3 can be referred to the Input power (IIP3) or the Output power (OIP3). 

Figure 2.2 shows main characterization parameters of the nonlinear device 

graphically. 

 

 

Figure 2.2. Main characterization parameters for the nonlinear device.  
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2.2.2. AM-AM & AM-PM Distortions 

 Amplitude variation between the output signal and the input signal can be described 

by Amplitude-to-Amplitude (AM-AM) distortion. It can be used to measure the 

linearity of the PA gain and it can be presented in many different ways. AM-AM 

distortion can be divided into two sections, one is increment of gain (expansion) and 

other is decrement of gain (compression). Both expansion and compression are 

measured compared to the small signal model gain. When amplitude modulation 

schemes are used, it is important to know how the PA gain is changing when the 

input signal power is changing [4].  

Phase fluctuation between the output signal and the input signal can be described 

by Amplitude-to-Phase (AM-PM) distortion. Phase fluctuation of the output signal 

spreads the signal spectrum in the frequency domain near the carrier frequency. AM-

PM is important parameter which measures the PA phase linearity, especially when 

using modulation methods which rely on the phase modulation [4]. Figure 2.3 is an 

example of AM-AM and AM-PM distortions of a power amplifier.  

 

 

 

Figure 2.3. AM-AM and AM-PM distortion. 

 

AM-AM and AM-PM distortions can be measured with Continuous Wave (CW) 

signal by performing a power sweep. Another way to measure these distortions is to 

perform the power sweep with modulated signal and analyzing the output with a 

vector signal analyzer. CW measurement is narrowband, and the speed of the sweep 

affects self-heating. Hence, by using modulated wideband signal for the power sweep 

we can obtain better accuracy for the real user cases. [5]  

Both AM-AM and AM-PM distortions can be minimized by applying the PA 

linearization techniques such as Cartesian loop feedback, Digital Predistortion 

(DPD), feedforward linearization or envelope elimination & restoration [6]. In 

addition to these, envelope tracking can be thought as a linearization technique for 

the PA [7]. Using envelope tracking for the PA linearization is examined later in this 

thesis. 
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2.3. Measures of PA Nonlinearities 

Intermodulation distortion, AM-AM and AM-PM distortion causes undesired effects 

to the PA output as discussed in the Chapter 2.2. This Chapter outlines measuring 

parameters and methods for those nonlinearities.   

2.3.1. Error Vector Magnitude 

Error Vector Magnitude (EVM) is defined as magnitude of vector between an ideal 

constellation point and measured constellation point. EVM is important and useful 

measure of the in-band signal quality. Measured constellation point differs from the 

ideal point due the both, amplitude and phase errors which are generated by the In-

phase / Quadrature-phase (IQ) modulator and the RF amplifier. Usually EVM is 

stated as a percentage and it can be expressed as follows 

 

        
   idea     meas   

   idea    
,  (4) 

 

where Videal is vector towards the ideal constellation point and Vmeas is vector towards 

measured constellation point [8]. Graphical definition of EVM is shown in the Figure 

2.4 where Verror is error vector.  

 

 

Figure 2.4. Graphical definition of EVM. 

 

Error vector magnitude can be measured with a simple test setup which consists 

of   a vector signal analyzer and an attenuator. Attenuator is used to keep the RF 

signal level at recommended range in order to avoid compression and possible 

overload to the vector signal analyzer. Compression may result in erroneous error 

vector magnitude reading and overload can damage the vector signal analyzer. 
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2.3.2. Adjacent Channel Power Ratio 

Non-ideal power amplifier spreads the signal spectrum if the envelope of the signal is 

not constant. This spectral regrowth into adjacent channel is one of the worst and 

most unpredictable PA nonlinearity. It may cause Receiver (RX) desensitization or 

even system to crash if used in largely crowded electromagnetic environments. [8] 

Adjacent channel power ratio is a measure of emitted power to nearby channels 

by the transmitter. ACPR is defined as the power ratio between adjacent channel 

power (Padj), divided by the desired channel power (Pdes). Figure 2.5 illustrates the 

definition of ACPR.  

 

 

Figure 2.5.Graphical definition for ACPR. 

 

Badj is bandwidth of the adjacent channel power with defined frequency offset (foff) 

from center frequency (fc) and Bdes is bandwidth of the desired signal. Bandwidths 

are usually the same but it is not necessary. ACPR can be calculated as follows 

 

       [d  ]      o 
  

{
 
 

 
 

∫  ( )  

     o     
 ad 

 

     o     
 ad 

 

∫  ( )  

     
 des
 

     
 des
 

⁄

}
 
 

 
 

, (5) 

 

where S(f) [W/Hz] is a spectral density function of the transmitted signal [8]. When 

calculating adjacent channel power, minus sign is for the lower adjacent channel and 

plus sign is for the upper adjacent channel. Setup for ACPR measurement is similar 

to EVM measurement but the vector signal analyzer can be replaced with a spectrum 

analyzer. Measuring ACPR is simple because modern spectrum analyzers include 

ACPR measurement function which outputs ACPR as decibels relative to carrier.   

2.3.3. Spectrum Emission Mask 

Spectrum emission mask (SEM) defines a set of limits for the RF signal amplitude 

within defined frequency which the transmitted signal has to satisfy. Limits are 

defined according to some regulation, for example the 3GPP specification. 
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Regulations have to provide enough rules about measuring parameters such as power 

level, integration bandwidth, averaging method, modulation scheme etc. [8] 

Example of spectrum emission mask structure is presented in Figure 2.6. Setup for 

measurement is similar than ACPR measurement but special attention should be paid 

to usage of right measuring parameters. Modern spectrum analyzers and signal 

analyzers have usually preloaded SEM settings for common test cases. 

 

 

Figure 2.6. Example of spectrum emission mask. 

2.4. Power Amplifier Efficiency Improvement Techniques 

2.4.1. Supply Voltage Optimization Methods 

Traditional method to bias the PA collector is to use a fixed DC-voltage. This is not 

an efficient way over the different output powers as the PA load line has to be tuned 

for the maximum output power. There are a couple of methods to improve efficiency 

by adjusting the collector voltage of the PA. A DC-DC converter is a better solution 

for adjusting the supply voltage than a linear regulator. A linear regulator dissipates 

DC-power denoted by a voltage drop over linear regulator multiplied by drawn load 

current. For this reason, only usage of a DC-DC converter improves system 

efficiency. Both envelope tracking and average power tracking utilize a DC-DC 

converter technique. Typical DC-DC converter used in the industry for APT can be 

optimized up to 95% efficiency for rated output current.  

Average power tracking is a concept where the PA collector voltage is adjusted. It 

allows lowering the collector voltage within the 3GPP power control slot time (0.5 

ms) if the transmitted power of corresponding timeslot is low. This allows optimal 

biasing for each 3GPP control slot time. Envelope tracking is a next generation of 

this concept and for it; the PA collector voltage is modulated corresponding to the 

RF signal envelope. In this way it is possible to operate the power amplifier 

continuously with optimized collector voltage. [1] 

Envelope tracking is faster than APT and it allows that the PA can be driven in 

compression instantaneously. Due to accuracy of envelope tracking, it optimizes 

biasing instantaneously and thus the efficiency benefits are greater than APT 



16 

 

solution. Fundamental operation principles for constant collector voltage, average 

power tracking and envelope tracking are presented in Figure 2.7.  

 

 

Figure 2.7. Fundamental operation principle for a) constant collector voltage, b) 

average power tracking and c) envelope tracking system.  

 

As shown in the Figure 2.7, the amount of unnecessary Vcc is smaller in ET 

system than with constant collector voltage or average power tracking system. 

Unnecessary Vcc means that the PA is not optimally biased over a time, so 

unnecessary Vcc will be dissipated to heat. The Figure 2.7 is a simplification because 

actual dissipation to heat consists from Vcc multiplied by collector current (Icc). 

Collector current is depending on the RF signal envelope and the class of the PA. 

Usually AB-class amplifiers are used for the RF transmitters. Main principle for AB-

class amplifier is that when the RF signal amplitude is low, drawn battery current is 

lower and all the excessive Vcc does not dissipate as heat. Heat dissipation is also 

depending on the quiescent current which depends on the biasing of the PA. Bias is 

adjusted according to the power level and the quiescent current increases along with 

the power level. Quiescent current is the dominant term for heat dissipation when the 

instantaneous RF amplitude is low. This results to the fact that main benefits from 

ET are expected to be high PAPR signals. 

For example, Global System for Mobile Communications (GSM) system uses 

Gaussian Minimum Shift Keying (GMSK) modulation which has constant envelope. 

PAPR for GMSK is 0 dB and thus the PA can be operated in the compression 

continuously to get maximum efficiency.  In Long Term Evolution (LTE), more 

sophisticated modulation schemes like Quadrature Amplitude Modulation (QAM) is 

used and PAPR is higher because the amplitude of the signal is also modulated. 

When amplitude modulation schemes are used, the input signal level has to be 

decreased so that the PA works in linear region. This backoff reduces the power 

added efficiency of the PA but it has to be done in order to avoid clipping of the RF 

signal. This is one example of where envelope tracking could be applied to get good 

efficiency with high PAPR values. Modulation methods which have constant 

envelope like GMSK don’t ha e any bene its from envelope tracking. [2], [8] 

Basic operation principle of the envelope tracking system is explained below with 

the help of the envelope tracking system block diagram presented in Figure 2.8. First, 
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IQ-signal is received from Baseband Integrated Circuit (BBIC) through Digital 

Interface (DIGRF) and it is divided into two branches inside of the Radio Frequency 

Integrated Circuit (RFIC). The upper part begins with an envelope detector which 

extracts the envelope information from the IQ-signal. After the envelope detection, 

envelope mapping table converts the IQ-signal amplitude information to a desired 

voltage level for the PA collector. The mapping table allows adjustments and 

optimization between the IQ-signal and the Vcc supply voltage and thus it can be used 

for minimizing the AM-AM distortion in the PA output.  

Digital to Analog (D/A) converter converts the digital format voltage information 

to the analog voltage. After the D/A converter the analog signal is filtered with an 

analog filter. The main purpose of the analog filter is to filter high frequencies in 

order to reduce spurious signals and wideband noise at the PA output. The output 

voltage of the RFIC drives the envelope modulator and the envelope modulator 

supplies the desired Vcc voltage to the power amplifier which has to be ET 

compatible. The envelope modulator takes its supply voltage from battery (VBAT). 

The lower branch of the IQ-signal is delayed and modulated to the RF 

frequencies. Delay is needed because there is processing delay mismatch between 

these two branches. Also digital predistortion can be applied to linearize the PA so it 

can be operated deeper in compression and this should results to the higher power 

added efficiency than without it.  

 

 

Figure 2.8. Envelope tracking system block diagram. 

2.4.2. Digital Predistortion 

Digital predistortion is a technique which improves the PA linearity. Increased 

linearity allows driving the PA deeper into compression which increases the power 

added efficiency. The basic idea of digital predistortion is to shape the input signal 

with the inverse of AM-AM and / or AM-PM distortion transfer function. After 

predistorted signal goes through the PA, the output signal should be the same as the 

input signal before predistortion, multiplied by the gain of the PA.  

Digital predistortion can be applied when the transfer function for the PA is 

modeled accurately enough. For digital predistortion it is enough to model only the 

nearest nonlinearities of the PA as DPD bandwidth is limited.  The nearest 

nonlinearities can be modeled with odd terms of the Taylor series expansion 
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explained in the Equation (3). Model for distorted output signal is calculated based 

on the actual measured data and it is formulated sample by sample. This can be 

expressed with the following formula 

 

      ∑  i s  s s
  

i  

 

 

   , , ,…

, (6) 

 

where ys is the output sample from polynomial model, xs is the input sample of the 

complex-valued signal and n is the order of the polynomial distortion model. The 

complex-valued coefficients ai are calculated by least-squares methods which 

minimizes the error between the input and the output samples. The inverse of these 

complex-valued coefficients can be utilized for digital predistortion. Order of the 

polynomial distortion model is selected to be 17 in this work to obtain reasonable 

accuracy. [5] 
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3. SYSTEM LEVEL REQUIREMENTS 
 

A transceiver system has to meet the regulations defined by the authorities. In mobile 

RF applications the authority is the 3GPP. It defines a large amount of specifications 

which must be fulfilled to get product to the market. The 3GPP’s TS 36.101 

describes technical specification for User Equipment (UE) radio transmission and 

reception in Evolved Universal Terrestrial Radio Access (E-UTRA) where E-UTRA 

is the radio interface for LTE devices [9]. Detailed information about measurement 

system and parameters are defined in the  GPP’s conformance testing document TS 

36.521-1 [10]. Release 8 is used for both of these 3GPP’s documents and they can be 

found on the 3GPP website. 

3.1. Transmit Signal Properties 

Single-Carrier Frequency-Division Multiple Access (SC-FDMA) is a modified form 

of Orthogonal Frequency-Division Multiple Access (OFDMA) for uplink 

transmission in LTE. SC-FDMA transmitters maintain the orthogonality of the 

OFDMA signal but instead of sending subcarriers parallel, SC-FDMA send 

subcarriers sequentially. This is the main principle that causes lower PAPR in SC-

FDMA than in OFDMA. As a drawback, SC-FDMA causes Inter Symbol 

Interference (ISI) to a base station which requires complex algorithms to cancel it but 

it is still an acceptable solution for lowering the PAPR in the mobile devices. SC-

FDMA data throughput and overall complexity are similar to OFDMA. [11] 

The most common configurable properties of the SC-FDMA signals are number 

and starting index of Resource Blocks (RB), modulation scheme and bandwidth. 

Resource Blocks defines how many and which sub-carriers are used for the 

transmission. One RB consists of 12 sub-carriers and each of them is 15 kHz wide so 

that the total bandwidth for one RB is 180 kHz [12]. Modulation schemes used in the 

SC-FDMA are Quadrature Phase Shift Keying (QPSK) and 16-QAM but 64-QAM is 

not included in TS 36.101 release 8 [9]. The 3GPP defines 6 different bandwidths for 

LTE uplink signals and for those; full RB configuration for both QPSK and 16-QAM 

are defined in Table 1 [9].  

 

Table 1. Full RB configuration for SC-FDMA 

Bandwidth A  o ated R ’s Allocated sub-carriers Measurement bandwidth 

1.4 MHz 6 72 1.08 MHz 

3 MHz 15 180 2.7 MHz 

5 MHz 25 300 4.5 MHz 

10 MHz 50 600 9.0 MHz 

15 MHz 75 900 13.5 MHz 

20 MHz 100 1200 18.0 MHz 

 

Bandwidth, number of the resource blocks and modulation scheme affect to the 

envelope modulator as they change the SC-FDMA signal properties. Higher 

bandwidth is harder to track as the envelope of the signal is faster. Increasing number 

of resource blocks increases signal bandwidth so basically the effect is the same as in 

higher bandwidth case. Higher order modulation has more points in constellation 

plane which are located further than in lower order modulation and this increases 
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peak to average ratio.  A useful measure for comparing PAPR of different signals is 

Complementary Cumulative Distribution Function (CCDF) because it shows also the 

statistical point of view in addition to the maximum peak to average ratio.  

SC-FDMA signals used in this thesis are pre-defined and they model modem 

signals quite well. Signals are restricted to be 1 ms long as they are used in cyclic 

manner. PAPR was measured without any predistortion to the pre-defined signals. 

Figure 3.1 shows the CCDF for 5 MHz, 10 MHz and 20 MHz with QPSK and 16-

QAM modulation. 

 

 

Figure 3.1. CCDF comparison for 5 MHz, 10 MHz, 20 MHz QPSK and 20 MHz 

16-QAM signals. 

 

Signal length causes recurrence of the same PAPR values which causes stairs to low 

probability levels. Only QPSK signals are used for this thesis, but 16-QAM signals 

are presented for reference as they are used for LTE uplink also. When comparing 

16-QAM to QPSK in ET point of view, the largest difference occurs to CCDF which 

is more difficult as the PAPR is higher.  

3.2. Transmit Signal Quality Requirements 

3.2.1. 3GPP Specification 

This thesis concentrates on fulfilling certain parts of the 3GPP TS 36.101 transmitter 

specification for LTE device. The reason why only certain parts of the transmitter 

specification are fulfilled is because only an envelope modulator and a PA are 

included in our test system instead of a whole device. The 3GPP specification 

concerning our test system is presented in this Chapter. All the necessary theory is 

presented in the Chapter 2.3.  
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Error Vector Magnitude 

 

Maximum values for EVM for different modulation schemes are presented in Table 

2. Requirement for EVM presented in the Table 2 is applicable only when operating 

on normal environmental conditions. [9] 

 

Table 2. Maximum values for error vector magnitude 

Modulation scheme Average EVM level Output power 

QPSK 17.5 % ≥ -40 dBm 

16-QAM 12.5 % ≥ -40 dBm 

 

Adjacent Channel Power Ratio 

 

Requirements for the adjacent channel power ratios are defined for two scenarios for 

an adjacent E-UTRA and Universal Terrestrial Radio Access (UTRA) channels. 

UTRA is radio interface for Universal Mobile Telecommunications System (UMTS). 

LTE compatible device must fulfill both of these scenarios. E-UTRA specification is 

important when considering LTE only and UTRA is important when older 

technologies are used adjacent to LTE. Minimum requirements for ACPR in E-

UTRA (E-UTRAACPR) scenario are presented in Table 3. E-UTRAACPR requirement 

includes only one adjacent channel.  

 

Table 3. Minimum requirements for E-UTRAACPR 

Channel 

bandwidth 

Measurement 

bandwidth 

E-UTRAACPR Adjacent channel center 

frequency offset 

1.4 MHz 1.08 MHz - 30 dBc + 1.4 MHz  / - 1.4 MHz 

3.0 MHz 2.7 MHz - 30 dBc + 3.0 MHz  / - 3.0 MHz 

5.0 MHz 4.5 MHz - 30 dBc + 5.0 MHz  / - 5.0 MHz 

10 MHz 9.0 MHz - 30 dBc + 10 MHz  / - 10 MHz 

15 MHz 13.5 MHz - 30 dBc + 15 MHz  / - 15 MHz 

20 MHz 18 MHz - 30 dBc + 20 MHz  / - 20 MHz 

 

Adjacent channel power for UTRA is defined for two adjacent channels. Minimum 

requirements for ACPR in first adjacent UTRA channel (UTRAACPR1) are presented 

in Table 4 and for second adjacent UTRA channel (UTRAACPR2) in Table 5. [9] 

 

Table 4. Minimum requirements for UTRAACPR1 

Channel 

bandwidth 

Measurement 

bandwidth 

UTRAACPR1 Adjacent channel center 

frequency offset 

1.4 MHz 3.84 MHz - 33 dBc + 3.2 MHz  / - 3.2 MHz 

3.0 MHz 3.84 MHz - 33 dBc + 4.0 MHz  / - 4.0 MHz 

5.0 MHz 3.84 MHz - 33 dBc + 5.0 MHz  / - 5.0 MHz 

10 MHz 3.84 MHz - 33 dBc + 7.5 MHz  / - 7.5 MHz 

15 MHz 3.84 MHz - 33 dBc + 10 MHz  / - 10 MHz 

20 MHz 3.84 MHz - 33 dBc + 12.5 MHz  / - 12.5 MHz 
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Table 5. Minimum requirements for UTRAACPR2 

Channel 

bandwidth 

Measurement 

bandwidth 

UTRAACPR2 Adjacent channel center 

frequency offset 

5.0 MHz 3.84 MHz - 36 dBc + 10 MHz  / - 10 MHz 

10 MHz 3.84 MHz - 36 dBc + 12.5 MHz  / - 12.5 MHz 

15 MHz 3.84 MHz - 36 dBc + 15 MHz  / - 15 MHz 

20 MHz 3.84 MHz - 36 dBc + 17.5 MHz  / - 17.5 MHz 

 

Spectrum Emission Mask 

 

Limits of spectrum emission mask apply to UE emissions immediately after E-

UTRA channel bandwidth. Limits that UE emission shall not exceed are presented in 

Table 6, where ΔfOOB is the frequency bound for out of band emission from the edge 

of the corresponding E-UTRA channel. [9] 

 

Table 6. Minimum requirements for spectrum emission mask in unit of dBm 

ΔfOOB 

[MHz] 

1.4 

MHz 

3.0 

MHz 

5.0 

MHz 

10 

MHz 

15 

MHz 

20 

MHz 

Measurement 

bandwidth 

± 0 - 1 - 10 - 13 - 15 - 18 - 20 - 21 30 kHz 

± 1 - 2.5 - 10 - 10 - 10 - 10 - 10 - 10 1 MHz 

± 2.5 - 2.8 - 25 - 10 - 10 - 10 - 10 - 10 1 MHz 

± 2.8 - 5   - 10 - 10 - 10 - 10 - 10 1 MHz 

± 5 - 6  - 25 - 13 - 13 - 13 - 13 1 MHz 

± 6 - 10   - 25 - 13 - 13 - 13 1 MHz 

± 10 - 15    - 25 - 13 - 13 1 MHz 

± 15 - 20     - 25 - 13 1 MHz 

± 20 - 25      - 25 1 MHz 

3.2.2. Additional Requirements 

For commercial products the 3GPP limits are rarely enough. Mobile device 

manufacturers and operators have stricter internal performance specification than the 

3GPP. Aim of strict performance specification is to offer better user experience for 

end-users and to minimize the cost of base station infrastructure by increasing 

coverage. Strict performance limits allows also more tolerance in mass production 

phase which leads to better productivity.  

Stricter limits can be achieved by reducing interference and increasing 

transmitting power by leaving out optional Maximum Power Reduction (MPR). For 

this thesis, the approach is to leave sufficient margins to the 3GPP specification. 

Additional margins applied for this thesis to the 3GPP specification are defined in 

Table 7.  
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Table 7. Additional margins applied for this thesis to the 3GPP specification  

Parameter Difference / margin to the 3GPP specification 

Maximum output power Without MPR 

E-UTRAACPR - 8 dB 

UTRAACPR1 - 8 dB 

UTRAACPR2 - 8 dB 

SEM - 4 dB 

 

It is not so important to apply stricter limits for EVM because ACPR and SEM 

limits automatically force EVM to be small enough. Also usage of external signal 

generator with low EVM level removes reasonable EVM measurement against the 

specification. It should be taken into account when RFIC is used instead of a signal 

generator.  
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4. IMPLEMENTATION AND MEASUREMENTS 

4.1. Measurement System 

Measurement system is built to verify the functionality and capabilities of envelope 

tracking with easy debugging options. Easy debugging possibilities are achieved 

mainly because of Matlab. Matlab is used for generating the RFIC signals, analyzing 

the output signal of the system and controlling of the measurement devices.  

Measurement system consist of Agilent MXA N9020A signal analyzer, two 

Agilent MXG N5182A vector signal generators, Agilent 66321B mobile 

communications DC source, Anritsu ML2437A power meter and Tektronix TDS 

3034B digital phosphor oscilloscope with Agilent 8473B diode detector. Structure of 

measurement system is presented in Figure 4.1. 

 

 

Figure 4.1. Measurement system for ET verification.  

 

Matlab generated RFIC signals are fed to two vector signal generators. The first 

generator is used to feed the envelope information to the envelope modulator and the 

second is used for feeding the RF signal to the power amplifier. The PA output is fed 

to the signal analyzer, the power meter, and through the diode detector to the 

oscilloscope. Purpose of the power meter and the oscilloscope is only inspection of 

the output signal but the signal analyzer measurement is captured to Matlab for post-

processing. The DC supply feeds the operating voltage to the test board and it can be 

controlled with Matlab. The signal analyzer, the vector signal generators and the 

oscilloscope share a common reference clock and the signal generators have also 

additional synchronization to make the triggering more accurate and robust. This 

way the test setup achieves much less than 0.1 ns uncertainty. 

Test eq i ment’s was calibrated and outputs of the envelope and the RF generator 

were compensated with Matlab. Compensation was done by implementing suitable 

equalizers in Matlab which removed the amplitude and phase variations.  
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4.2. Device Under Test 

The test board used in this thesis consists of an envelope modulator and band 17 

single-band PA module. Band 17 uplink center frequency is 710 MHz and bandwidth 

is 12 MHz. Signal with 20 MHz bandwidth is used although the maximum 3GPP 

bandwidth for band 17 is 10 MHz. This allows the study of more demanding case for 

the envelope modulator. The device has also a controlling interface for both the 

envelope modulator and the PA. The envelope modulator and the PA can be adjusted 

internally with various parameters but in this thesis we use mainly parameters 

optimized by envelope modulator supplier. Supply voltage of 3.8 V is fed to the test 

board unless otherwise stated.  

 

Envelope Modulator 

 

Main component of the test board is an envelope modulator which modulates the 

battery voltage to a suitable PA collector voltage according to the input signal. 

Envelope modulator working principle can be thought as very fast adjustable DC-DC 

converter. The envelope modulator used in this thesis utilizes both buck and boost 

DC-DC converter operation principle.  

A Buck converter steps-down the battery voltage when the RF amplitude is low. 

A Boost converter steps-up the battery voltage for peaks in the RF amplitude which 

linearizes the PA. Boost converter can step-up the battery voltage with certain factor 

and it has a worse efficiency than buck converter.  

The input signal to the envelope modulator can be either a common mode or a 

differential signal. Differential signal is used in this thesis as it is more accurate than 

common mode signal. Differential signal has also a property to reject the common 

mode noise and it is beneficial for this purpose. Maximum bandwidth that the 

envelope modulator can modulate is 20 MHz and it is also the highest bandwidth in 

LTE according to the 3GPP revision 8 [9].  

 

Power Amplifier 

 

Test board uses a customized single-ended single-band PA module. Customizations 

are mainly done to the PA supply filtering as the ET PA should have small filter 

capacitance value to allow fast changes in the collector voltage. High value of 

capacitance smoothens the envelope of Vcc which is not intentional in this particular 

case. The PA module is a two stage amplifier but only the power stage is Vcc 

modulated. The PA module includes also internal matching to    Ω for both input 

and output. 

4.3. Envelope Tracking Parameterization 

This Chapter goes through the different measurements which were done for the test 

board described in the previous Chapter. Measurements were done by using Matlab 

generated SC-FDMA signals which were described in more detail in the Chapter 3.1. 

Frequency for measurements was band 17 uplink center frequency (710 MHz) unless 

otherwise stated.  

The test board evaluation starts with formulation of an initial mapping table in 

Chapter 4.3.1. After the initial mapping table, the delay between the envelope and the 
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RF path is calibrated in Chapter 4.3.2, and mapping table iteration to obtain constant 

AM-AM behavior is performed in Chapter 4.3.3.  

4.3.1. Initial Mapping Table 

Mapping table is the key parameter in the envelope tracking system since it sets the 

relationship between the amplitude of the RF signal and the applied PA collector 

voltage. Mapping table was formulated with Matlab by iterating it from a 

sophisticated guess. The aim was to get minimum AM-AM distortion and it means 

that the PA gain remains the same for every input power level. AM-PM distortion 

can be cancelled at the same time with digital predistortion and this is not affecting to 

the mapping table iteration directly.  

Sophisticated guess for the mapping table was based on polynomial model. 

Coefficients for the model were examined from Device Under Test (DUT) and that 

expedites the fast convergence of the iteration procedure. A good first guess was also 

necessary for accurate delay calibration to ensure that calibration was done for the 

right power level. Delay calibration was done before envelope mapping table 

iteration. Figure 4.2 shows the polynomial model of the mapping table as a first 

guess for mapping table iteration. For comparison it also shows the probability 

density function for 100RB QPSK signal. 

 

 

Figure 4.2. Initial guess for mapping table.  

 

Minimum and maximum PA supply voltages have to be adjusted according to the 

envelope modulator and PA specifications. In this case, minimum Vcc was 1.7 V and 

maximum Vcc was 4.7 V and those were not too close to limits. Voltage swing for the 

envelope modulator output was 3.0 V but the envelope modulator could also handle 

slightly higher voltage swing. For the initial mapping table, 3.0 V voltage swing in 

the envelope modulator output was enough.   
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4.3.2. Delay Calibration 

Delay between the RF signal and the envelope signal must be adjusted so that they 

appear coherently for the PA. If the delay is not adjusted correctly, the PA will 

produce significant distortion and power losses. Distortion is caused when the RF 

amplitude is larger than adjusted supply voltage and power losses occur when the 

situation is vice versa.  

Matlab is used in a closed loop way which allows more sophisticated methods for 

delay calibration. Delay calibration between these two paths was done by sweeping 

absolute delay and measuring full-band EVM. The delay was set to a value which 

produces minimum full-band EVM. Significant delay variation was observed in the 

envelope modulator due different filter coefficients for different bandwidths. This 

variation was taken into account by doing delay calibration again after bandwidth 

was changed.  

Signal itself has also effect to a delay budget as the envelope of the signal is faster 

when bandwidth is higher. This results to the fact that 20 MHz signal is the most 

critical case for the envelope modulator. Higher bandwidth narrows the delay budget 

and makes accurate delay calibration even more important. In addition to bandwidth, 

the RF signal input power also affected to width of the delay budget by narrowing it 

on the higher power levels. Tradeoff between compression level and width of the 

delay budget has to be made. Figure 4.3 presents measured delay sweep after delay 

calibration for 5 MHz, 10 MHz and 20 MHz full RB signals. 

 

 

Figure 4.3. Delay sweep after delay calibration for 5 MHz, 10 MHz and 20 MHz 

signals with respect to EVM. 

 

As shown in the Figure 4.3, the delay budget was narrower and minimum achievable 

EVM value was worse for higher bandwidths. For high bandwidths, the importance 

of accurate delay calibration is significant. If the delay is not adjusted correctly it will 

quickly result to a spectral regrowth in the PA. The spectral regrowth will lead to the 

failing of the specification. For smaller bandwidths, the delay does not have to be as 

accurate as for higher bandwidths but similar effects can be seen if the delay is not 

adjusted accurately enough. 



28 

 

4.3.3. Mapping Table Iteration 

After delay calibration, the mapping table was iteratively adjusted to achieve 

minimum AM-AM distortion. Mapping table measurements was performed by using 

1 ms cyclic signal. Benefit of cyclic signal is that measured signal can be fitted with 

original signal and AM-AM and AM-PM distortion data can be extracted. After AM-

AM and AM-PM data is collected, models for both distortion mechanisms can be 

made. AM-AM and AM-PM distortion are modeled with polynomial model 

described with the Equation (6) by using polynomial degree of 17. Mapping table 

iteration is based on this model as a single data point can be sometimes very far from 

the mean value especially for the small power levels. Measured AM-AM and AM-

PM distortion data with polynomial model are presented in Figure 4.4 for the initial 

mapping table. 

 

 

Figure 4.4. Measured distortion with the initial mapping table.  

 

Sophisticated guess for mapping table produced sufficient AM-AM distortion. AM-

AM behavior started to compress when generator power exceeded -8 dBm and 1 dB 

compression point was achieved when generator power was 2 dBm. AM-AM 

compression was caused by the reduction of the maximum voltage of mapping table 

to 4.7 V. This quite minimal AM-AM distortion can be minimized with mapping 

table adaptation. AM-PM distortion was also at adequate level. AM-PM model 

showed slightly over 2 degree distortion when generator power was -4 dBm. AM-PM 

can be compensated by using digital predistortion, if needed.  

After first measurement, a new mapping table was calculated from AM-AM 

polynomial model and used for next iteration round. The principle of mapping table 

iteration is straightforward: Vcc voltage is increased if AM-AM compression occurs 

and Vcc voltage is decreased if AM-AM expansion occurs. Adjustment cannot exceed 

the maximum voltage or fall below the minimum voltage defined by DUT 

specification. Limiting the maximum Vcc voltage causes AM-AM compression and 

AM-PM distortion at high power levels as highest RF amplitude peaks are clipped.   

Differences between the initial and iterated mapping table are shown in Figure 

4.5. Iterated mapping table in the Figure 4.5 was iterated 4 times, but less iteration 

could be adequate as only minor changes were seen on last two iterations.  
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Figure 4.5. Mapping table after the first iteration without digital predistortion. 

 

As shown in the Figure 4.5, changes to the initial mapping table correlate to AM-AM 

distortion presented in the Figure 4.4. The maximum voltage applied to the PA was 

increased to 4.9 V and the minimum voltage was kept the same. This resulted to a 

voltage swing of 3.2 V for iterated mapping table and mainly the changes are visible 

on the high input powers. Overall changes to the initial mapping table were relatively 

small and the shape was similar to the original one. This can be explained by the 

sophisticated guess for the initial mapping table. If guess is not correct, it will take 

more iteration to obtain sufficient mapping table. 

Iterated mapping table is optimized for minimum AM-AM distortion. Figure 4.6 

shows AM-AM and AM-PM distortion for iterated mapping table presented in 

Figure 4.5. Digital predistortion was applied to minimize the AM-PM distortion.  

 

 

Figure 4.6. AM-AM and AM-PM distortion after mapping table optimization. 
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Results were better than with the initial mapping table. It was clearly visible as both 

AM-AM and AM-PM distortions was minimized. Iterated mapping table could 

substitute the initial mapping table for this envelope modulator and PA combination. 

4.3.4. Delay Verification 

Delay can be verified with an oscilloscope. When delay calibration is done, the PA 

supply voltage should match visually with the PA output RF signal envelope. 

Different delay paths between the oscilloscope and test board must be taken into 

account in the oscilloscope to obtain reasonable results. Figure 4.7 shows 

oscilloscope screenshot after delay calibration. Channel one (blue) was the Vcc 

voltage for the PA, channel 2 (cyan) was the PA output amplitude after diode 

detector, channel 3 (magenta) was the positive input voltage to the envelope 

modulator and channel 4 (green) was the negative input voltage to the envelope 

modulator.  

 

 

Figure 4.7. Delay verification with oscilloscope. 

 

As shown in the Figure 4.7, the differential input voltage was coherent and the delay 

between the RF output and the PA supply voltage was correct. This means that the 

delay was calibrated correctly. Time offset between the differential input voltage and 

the PA output voltage denotes the delay occurred in the envelope modulator. Delay 

verification visually with oscilloscope is not as accurate as delay verification could 

be, but it is easy and fast way to check the delay without disturbing the 

measurements.  

Besides EVM, the delay can be optimized also according to adjacent channel 

power ratio which is examined more carefully in [13]. The delay offset increases 

ACPR which results in failing the specification at some point. Without AM-PM 

predistortion the lower and upper adjacent channels have minimum ACPR at 

different delay values, leaving the delay optimum between those values [13]. ACPR 

asymmetry was observed when the delay was varying around the optimum for EVM. 

AM-PM predistortion was applied in order to ensure symmetry between lower and 

upper ACPR. 
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Delay sweep was performed for ACPR similarly than for EVM in Chapter 4.3.2. 

This was done to ensure the correctness of EVM delay calibration. Optimum delay 

was adjusted with EVM delay calibration method and digital AM-PM predistortion 

was applied to get lower and upper ACPR equal to each other. Results for lower and 

upper E-UTRA ACPR are shown in the Figure 4.8 for 5 MHz, 10 MHz and 20 MHz 

full RB signals. 

 

 

Figure 4.8. Delay sweep after delay calibration for 5 MHz, 10 MHz and 20 MHz 

signals with respect to ACPR. 

 

Results showed similar behavior of ACPR and EVM when the delay was swept. In 

band distortion increases faster than out of band distortion but due to strong 

fundamental signal, ACPR is slightly more sensitive than EVM. Lower and upper 

ACPR should have the same minimum after digital predistortion [13]. It was not 

clearly visible with wide delay sweep so a narrow delay sweep was run to examine 

upper and lower channel ACPR behavior more carefully. Figure 4.9 presents the 

narrow delay sweep for ACPR.  
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Figure 4.9. Narrow delay sweep after delay calibration for 5 MHz, 10 MHz and 

20 MHz signals with respect to ACPR. 

 

In 20 MHz case, lower and upper ACPR minimums had approximately 1 ns delay 

offset from each other, leaving origin between them. This minor offset indicated that 

AM-PM predistortion could be iterated a couple of times more to get lower and 

upper ACPR to converge to the same delay optimum. The PA was optimized only for 

band 17, which is 12 MHz wide, while the distorted signal bandwidth is 

approximately 60 MHz. Hence the noticed ACPR asymmetry can be partially caused 

by tilted frequency response. ACPR imbalance was also seen when using average 

power tracking for the same PA. 

The delay budget was examined from the narrow delay sweep as ACPR was more 

sensitive to delay mismatch than EVM which was shown in Figures 4.3 and 4.8. 

Acceptable delay offset was ± 1 ns for 20 MHz, ± 1.25 for 10 MHz and ± 2.5 ns for 

5 MHz full RB signals. Overall, it was almost the same whether to use EVM or 

ACPR for delay calibration purposes as they share a common minimum point. The 

delay accuracy and robustness are the main parameters which should be taken into 

account when delay calibration is done for a final product. In later part of this thesis 

delay is calibrated according to EVM. 

4.4. Fundamental 3GPP specification measurements 

Radio spectrum specifications are defined in the Chapter 3.2 by the 3GPP 

specification with sufficient margins. Mobile devices have to work also in different 

temperatures with good performance. This Chapter presents measurement results for 

different ambient temperatures for 10 MHz bandwidth. Measured temperatures were 

from -15 ℃ to +55 ℃ with 10 ℃ step so that whole test board was placed into a 
temperature chamber. Measurements were quite fast so it is justified to make 
that assumption that die has the same temperature as ambient, especially 
because power was switched off between measurements and temperature 
chamber fan was circulating the air. Also 5 MHz and 20 MHz bandwidths were 

measured for three different temperatures but results are not presented in detail in 
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this thesis. 20 MHz was measured only for reference as it cannot be used in band 17 

due bandwidth limitation.  
The main difference to the previous measurements was a different mapping table. 

Measurements presented in this Chapter were measured with heuristically optimized 

mapping table that included margins for expected production tolerances. This 

removed the need for mapping table iteration procedure. However, the shape of the 

mapping table was quite close to the mapping tables presented in the Figure 4.5. 

AM-AM and AM-PM distortion after applying the heuristically optimized mapping 

table is presented in Figure 4.10. Digital predistortion was not applied.  

 

 

Figure 4.10. AM-AM and AM-PM distortion for the heuristically optimized 

mapping table. 

 

Figure 4.10 shows quite minimal AM-AM distortion, but after 1 dBm instantaneous 

generator power gain compressed quite rapidly. Before gain compression at the high 

input powers there was a small gain expansion from -8 dBm to 0 dBm. Overall, AM-

AM distortion was at acceptable level. AM-PM distortion shape was similar to the 

initial mapping table presented in the Figure 4.5. For the heuristically optimized 

mapping table, maximum AM-PM distortion was caused when generator power was 

-4 dBm. In -4 dBm point, AM-PM was approximately 3 degrees. AM-PM distortion 

which is this small has only a minor effect to the spectral regrowth or EVM so it is 

not so critical for the system performance.  

Predistortion is quite easy to implement with Matlab, but implementing it in the 

mobile device with limited capabilities it can be quite challenging. Because of this 

and the relatively small AM-PM distortion, digital predistortion was not applied in 

this thesis with the heuristically optimized mapping table. It has to be considered if it 

is needed for the final product.  

Before the actual measurements, delay was calibrated at 25 degrees and it was 

checked at -15 and 55 degrees. Only minor changes were visible on delay 

verification for -15 and 55 degrees. Some of this minor change can be explained by 

the fact that gain decreased 0.85 dB from -15 degrees to 55 degrees. Gain variation 

affects the output power directly as delay calibration uses predefined power. The 

output power level affects to the absolute delay value but the variation was so small 

that it does not need any compensation.  



34 

 

As mentioned in the beginning of this Chapter, also 5 MHz and 20 MHz 

bandwidths were measured in addition to 10 MHz bandwidth. Analysis of those 

showed similar behavior. 

4.4.1. Adjacent Channel Power Ratio 

Adjacent channel power ratio was measured according to the 3GPP specification 

with Agilent MXA N9020A signal analyzer. The 3GPP maximum antenna power for 

LTE is 23 dBm [9]. Maximum output power was selected to be 27 dBm to model 

true situation where the power dissipation after the PA has to be compensated with 

higher output power from the PA. By selecting 27 dBm for the PA output power, it 

was assumed that power losses after the PA are less than 4 dB.  

Output power was iterated to 27 dBm for each measurement separately by 

adjusting the input power. Result of this iteration was that the input power had to be 

increased 0.9 dB from -15 to 55 degrees. This correlates well with 0.85 dB decrease 

in gain. Measured ACPR according to E-UTRA and UTRA specification are 

presented in Figure 4.11. In the Figure 4.11 markings L, H, 1 and 2 denotes lower, 

upper, first adjacent channel and second adjacent channel, respectively.  

 

 

Figure 4.11. E-UTRA and UTRA ACPR for different temperatures. 

 

Increasing ambient temperature increased almost every ACPR, but lower second 

adjacent UTRA ACPR remained quite constant even the input power was increased 

by 0.9 dB. Attention should be paid also to the upper adjacent channels as those 

seemed to increase quite rapidly compared to the lower ones when temperature was 

increased. The exact reason for this particular case was not examined, but usually 

ACPR asymmetry is caused by distortion up-conversion from baseband to the 

fundamental band [14]. Temperature-varying gain combined with fixed output level 

means that the amplifier was driven into different depth of compression, and this 

resulted in different mixing gain from the supply modulation at drain to the 

fundamental at the output.   

When comparing the results to the 3GPP specification with sufficient margins, it 

seems that ACPR is not causing any significant problems to the final product. Of 
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course the situation can change when the input signal is changed from almost ideal 

QPSK signal to non-ideal IC signal, which the final product is delivering to the PA.  

4.4.2. Spectrum Emission Mask 

In addition to ACPR, spectrum emission mask was measured in the same 27 dBm 

output power iteration loop for different temperatures. SEM was measured according 

to the 3GPP specification with Agilent MXA N9020A signal analyzer. Results for 

different SEM measurements are presented in Figure 4.12 and relationship between 

the 3GPP limits and the legend in the Figure 4.12 is presented in Table 8.  

 

 

 Figure 4.12. Spectrum emission mask for different temperatures.  

 

Table 8. Relationship between the 3GPP specification and legend in the Figure 4.12  

ΔfOOB [MHz] Limit for 10 MHz Measurement bandwidth Legend name 

± 0 – 1 - 18 dBm 30 kHz SEM Limit 1 

± 1 - 2.5 - 10 dBm 1 MHz 

SEM Limit 2 ± 2.5 - 2.8 - 10 dBm 1 MHz 

± 2.8 - 5  - 10 dBm 1 MHz 

± 5 – 6 - 13 dBm 1 MHz 
SEM Limit 3 

± 6 – 10 - 13 dBm 1 MHz 

± 10 – 15 - 25 dBm 1 MHz SEM Limit 4 

 

SEM results showed the similar behavior as ACPR measurements. When the offset 

frequency was near to the edge of carrier frequency, unwanted emissions increased 

as temperature was increased. When offset frequency from the carrier increased, 

temperature sensitivity decreased. Upper limits were higher than lower limits for two 

first limits like it were with ACPR but for others, upper and lower limits were quite 

identical. When offset from carrier increased, variation in the results came more 

visible. This may occur because SEM measurement has no averaging and noise-like 

spectral components were varying a lot compared to intermodulation distortion 

vectors. 
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The strictest limit for SEM seemed to be limit 4 where the margin was only 0.8 

dB. One thing to notice is that SEM limits are absolute limits. This means that 4 dB 

attenuation after the PA should be subtracted from the results to get them correspond 

23 dBm output power, which is the maximum for LTE according to the 3GPP. This 

means that actual margin to the 3GPP limit was 4.8 dB. When considering band 17, 

additional attenuation for SEM can be gained from duplex filter. Duplex filters for 

band 17 have typical attenuation for pass band between 1.5 - 1.8 dB and for 10 MHz 

offset from band 17 edges it is between 6 - 12 dB [15],[16]. With duplex filter, SEM 

is not causing any significant problems to the final product on band 17.  

Overall, when comparing the results to the 3GPP specification with sufficient 

margins, it seems that SEM might cause some problems if the performance is the 

same for other bands as well. Of course the PA affects spectrum emission mask 

greatly so it is difficult to say how di  erent PA’s beha e and what is the amount of 

noise that envelope modulator is generating.  

4.5. System Measurements 

In addition to the fundamental 3GPP measurements, more difficult measurements 

have to be completed to ensure the maturity of the RF subsystem. For this thesis it 

was achieved by performing RX band noise measurements and load pull 

measurements as the PA and the envelope modulator are affecting those 

significantly. Measurements were executed in the similar way than measurements 

performed in the Chapter 4.4. In short, this means that the mapping table was 

heuristically optimized and digital predistortion was not used.  

4.5.1. RX Band Noise Measurements 

Power amplifiers produce also wideband noise in addition to nearest spectrum 

components which can be seen on ACPR and SEM measurements. RX band noise 

measurements are performed to see if the wideband noise of the transmitter 

desensitizes the receiver. RX band noise performance affects the designing of the 

power amplifiers.  

Frequency offset between TX center frequency and RX center frequency (duplex 

spacing) for band 17 is 30 MHz. As main goal is to protect RX band sensitivity, RX 

band noise is usually measured according to the 3GPP sensitivity specification. In 

practice this means that RX band noise is measured within duplex spacing from TX. 

3GPP specification also denotes frequency band specific signals for sensitivity 

measurements. For band 17 those are 5 MHz and 10 MHz QPSK signals, both with 

20 RB allocated as near as possible to RX band [10]. 

RX band noise measurements are quite complex to perform as dynamic range of 

the spectrum analyzer is limiting the input power when low power signal needs to be 

detected accurately. This can be solved by using suitable filter after the PA. Tunable 

band pass filter was selected for this thesis and it was tuned to pass the RX band. 

Filtering after the PA changes the impedance for the PA and this can cause unwanted 

reflections and oscillation. To ens re s   i ient o t  t mat hin  to    Ω  or the PA, 

isolator or attenuation should be used. In this thesis, attenuator of 10 dB was used. 

Minimum total attenuation for the TX signal was 37.2 dB and maximum total 
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attenuation for the RX band noise was 12.0 dB. RX signal attenuation was 

compensated with the spectrum analyzer offset. 

Filtering is needed for the input signal also. The signal generator output without 

filtering is too noisy for accurate RX band noise measurements. A duplex filter was 

selected as it is designed for this specific purpose. RX ports of the duplex filter were 

mat hed to    Ω. Original 10 MHz TX signal from the generator and duplex filtered 

TX signal are presented in Figure 4.13. 

 

 

Figure 4.13. Original and filtered 10 MHz TX signal.  

 

The TX signal background noise was attenuated approximately by 13 dB on the RX 

band due the duplex filter. Attenuation on TX band was slightly less than 2 dB. 

Duplex filter affected the shape of the TX signal and this was compensated by 

equalization implemented with Matlab. After filtering the input and output of the test 

board, noise floor of -142 dBm / Hz was achieved in the spectrum analyzer when the 

test board was connected but TX was switched off.  

Table 9 presents RX band noise measurements for band 17 with two different 

signals and three different power levels. Measurement bandwidth of 1 MHz was used 

but results were converted to dBm / Hz for consistency with the sensitivity 

specification described by the 3GPP.  

 

Table 9. Measured RX band noise for different scenarios  

Bandwidth [MHz] Output power [dBm] RX band noise [dBm / Hz] 

5 27 -125 

5 26 -124.8 

5 25 -124.5 

10 27 -122.3 

10 26 -122.6 

10 25 -122.3 

 

RX band noise measurement results showed that noise level was higher than usually 

seen with APT. This occurred due the customized PA was used together with 

modulated Vcc signal. The ET optimized PA has significantly smaller capacitance 
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value on Vcc line than with usual APT optimized PA. Capacitance acts as a low pass 

filter for the APT PA and so the envelope modulator noise and spurious signals 

attenuates more than with the ET PA. Results showed that noise was not decreasing 

when the output power was decreased. When comparing results to the envelope 

mod  ator s    ier’s measurement results, it was discovered that the envelope 

modulator settings should be fine-tuned for different power levels with internal 

controls.  

The duplex filter has a significant influence on the RX band noise performance as 

typical isolation between TX and RX is between 52-62 dB [15], [16]. Noise floor for 

the room temperature is approximately -174 dBm / Hz. Worst case for RX band 

noise was 10 MHz signal with 27 dBm output power as it produced -122.3 dBm / Hz 

noise power. When considering it together with duplex filter [16] with isolation of 52 

dB, total noise power after the duplex filter is -174.3 dBm / Hz. It is not enough as it 

still increases total noise power by 3 dB and this can desensitize the receiver up to 

1.5 dB, depending on the receiver Noise Figure (NF).  The best case was 5 MHz 

signal as it produced RX band noise power of -125 dBm / Hz. Together with duplex 

filter with attenuation of 62 dB, the total noise power after the duplex filter is 13 dB 

lower than noise floor. With this combination desensitization of the receiver is 

minimal if any. Conclusion is that using the ET optimized PA with the envelope 

modulator can cause desensitization of the receiver if duplex filter is not chosen 

properly. Problems can occur also for other bands if duplex filters are not as good as 

band 17 duplex filters and noise remains the same.  

4.5.2. Load Pull Measurements 

Performance under impedance mismatch can be studied with load pull 

measurements. Impedance mismatch in mobile device is caused by antenna 

reflections due user hand or body, walls or other objects. These reflections are 

affecting the performance of the mobile device by decreasing the output power and 

increasing the spectral regrowth. Load pull measurements can be performed with 

sweeping through different Standing Wave Ratios (SWR) and different phase angles. 

Different SWR and phase values can be adjusted with impedance tuner. By using 

impedance tuner phase can be measured statically but for typical user case phase is 

rotating rapidly as device is moving. Impedance tuner used in this thesis was a 

single-probe tuner which means that SWR and phase is tuned only for fundamental 

frequency so other frequencies can see different SWR and phase values than 

fundamental frequency. 

Load pull measurements were studied more carefully for 20 MHz bandwidth with 

100 RB as it is the most difficult scenario for the envelope modulator. There is no 

specification from the 3GPP for the mismatch performance to fulfill but it is 

necessary that mobile device works under mismatch conditions. If mismatch 

performance is poor, it will affect to base station infrastructure which increases costs 

for operators. This is one reason why operators usually require sufficient 

performance under mismatch conditions. Band 17 PA is capable for 20 MHz 

bandwidth even it is designed for 12 MHz bandwidth. Similar measurement was also 

executed for APT by bypassing the envelope modulator. This allows performance 

comparison but one has to keep in mind that the PA is optimized for ET, not for 

APT.  
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Standing wave rations between 1.5 and 4 were measured with step of 0.5. For 

every SWR, phase angles were measured with phase step of 22.5 degrees. Results are 

interpolated linearly in phase domain and plotted to the Smith chart. Phase is only 

relative for the PA output, as it was measured from test board output connector 

instead of the PA pad. Length of the transmission line and frequency defines the 

absolute phase rotation, but for this thesis only relative measurements were 

performed. Before connecting the impedance tuner, output power was adjusted to 27 

dBm and all the necessary parameters were measured. After initial measurements the 

tuner was attached and all the necessary parameters were measured for every SWR 

and phase combination. 

Figure 4.14 presents carrier power and system power added efficiency for ET 

under mismatch conditions. System power added efficiency for ET included 

efficiency of the envelope modulator and PAE of the PA. Dashed circles present the 

measured SWR values and solid lines define the Smith chart. Note that the Smith 

chart is enlarged to increase the visibility for small SWR values. Measured 

parameters are presented with color contours and color bar is defining the scale for 

them.  

 

 

Figure 4.14. Carrier power and system PAE for ET under mismatch conditions.  

 

Load pull measurements for ET showed that the strongest output power was 

achieved when the impedance was at    Ω and same a   ies to the efficiency also. 

Area for carrier power over 26 dBm was overlapping the SWR 2 circle and for SWR 

2.5 circle the carrier power was at least 25 dBm. Decrement of 1 dB for SWR change 

of 0.5 was quite moderate and it denotes good mismatch performance for the carrier 

power.  

ACPR was measured for both, lower and upper E-UTRA channel and results for 

those are presented in Figure 4.15.  
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Figure 4.15. Lower and upper E-UTRA ACPR for ET under mismatch conditions.  

 

Angle of mismatch affected to lower and upper adjacent channel power ratio in a 

different way. Tradeoff between lower and upper ACPR was at the center of the 

Smith chart but both had their minimums at SWR 4 with different angles. The 3GPP 

limit for E-UTRA ACPR was -30 dBc at    Ω o t  t mat h and this limit can be 

achieved for both with SWR value smaller than 2.5. This denotes quite good 

mismatch performance. Target for this thesis was - 8 d   at    Ω o t  t mat h and 

result for upper channel was -37.6 dBc so 20 MHz signal with 100 RB was slightly 

out of target. 0.4 dB is so minor difference to the target that it is not causing any 

significant actions. 

The reason for ACPR mismatch angle dependence might be explained by the fact 

that a supply-modulated PA has rather high output mixing gain. Varying the 

matching modulates the mixing gain, and the ACPR will contain a varying amount of 

distortion mixing up from the base band. Up-conversion of the baseband signal is 

probably dominant; because of the supply modulation there is a lot of low-frequency 

energy at the drain. 

Also down-conversion from the 2
nd

 harmonic shapes ACPR [17], [18]. Impedance 

at the second harmonic at 1420 MHz was examined in order to check if it varies 

when the fundamental impedance is swept. Dependence of SWR values between 

fundamental frequency and second harmonic are presented in Table 10.  

 

Table 10. SWR dependence between fundamental and second harmonic 

SWR for fundamental (710 MHz) SWR for second harmonic (1420 MHz) 

1.5 1.9 

2.0 2.8 

2.5 4.0 

3.0 5.2 

3.5 6.5 

4.0 7.7 

  



41 

 

As shown in the Table 10, SWR was significantly higher for second harmonic which 

causes the reflection of second harmonic to be stronger than reflection of 

fundamental frequency. Reflection of second harmonic could be minimized by using 

absor ti e    Ω atten ator t ned  or se ond harmoni . This should result to a better 

mismatch performance.  

For comparison, load pull measurement was performed to APT in similar way 

than for ET. There were a couple differences in the setup compared to measurements 

with ET.  First, the envelope modulator was set to bypass mode which means that 

supply voltage for the PA is tied to supply voltage of the test board. Second, the 

supply voltage for the test board was increased from 3.8 V to 4.3 V. Supply voltage 

had to be increased to obtain sufficient linearity because the PA is optimized for ET 

which can boost the voltage higher than 3.8 V.  

Figure 4.16 presents carrier power and system power added efficiency for APT 

under mismatch conditions. System power added efficiency for APT included 

switcher losses of the bypassed envelope modulator and PAE of the PA.  

 

 

Figure 4.16. Carrier power and system PAE for APT under mismatch conditions. 

 

Results were significantly different than for ET presented in the Figure 4.14. For 

APT, the maximum power was achieved when SWR was 1.75 and phase shift was 

140 degrees. Maximum system PAE was achieved when SWR was 2.0 and phase 

was 120 degrees. Carrier power was aligned lopsided to the Smith chart and this 

leaded to that the carrier power over 26 dBm was overlapping with SWR of 1.3. 

Carrier power was at least 23.5 dBm when SWR was 2.5.  Compared to ET, results 

were worse because carrier power was suffering high fluctuation and minimum level 

was decreasing rapidly when SWR was increased. The reason for the lopsided carrier 

power could be the output impedance difference of the PA between ET and APT. 

The supply voltage was increased from 3.8 V to 4.3 V which decreases the effective 

drain capacitance of the transistor. This result to the different output impedance than 

with lower supply voltage and thus it moves the optimum match for the output power 

 rom the    Ω.  

Adjacent channel power ratio was measured for both, lower and upper E-UTRA 

channel. Results for those measurements are presented in Figure 4.17. 
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Figure 4.17. Lower and upper E-UTRA ACPR for APT under mismatch 

conditions. 

 

ACPR results were also significantly different from ET results shown in the Figure 

4.15. Major difference was that ACPR was at good level with degree values from 

220 to 30. For ET, ACPR had clear optimums for both with different angles, leaving 

weak points between those. When comparing performance according to SWR values, 

worst points must be taken into account as phase is rotating constantly in the real 

user case. Extracted from the Figure 4.17, ACPR was better than -30 dBc when SWR 

was smaller than  .  and at    Ω o t  t  oad the res  ts are a most identi a  to ET. 

Linearity for ET under mismatch conditions was moderate compared to APT because 

APT suffered high fluctuation. The reason for this could be bias impedance 

difference of the envelope modulator output for the PA collector. Impedance is small 

when the envelope modulator is active but in bypass mode the impedance is higher 

which increases the baseband distortion which can get mixed to adjacent channels in 

the PA. 

Overall, the PA measured is optimized for envelope tracking instead of average 

power tracking and strict comparison is not feasible or might lead to wrong 

conclusions. If this is taken into account, only thing that could be said is that 

measured PA should not be used for APT, at least for high power levels. For high 

power levels the PA would require constant voltage boost to deliver enough high 

supply voltage for the PA in order to maintain sufficient linearity. Constant boost 

converter has lower efficiency than buck converter so it is not beneficial for system 

efficiency. 

4.6. Mapping Table Measurements 

This Chapter goes through different mapping table measurements for the envelope 

tracking system. The measurement principle was the same as described in the 

beginning of the Chapter 4.3. However, different approaches for mapping table were 

used instead of a mapping table that minimizes AM-AM distortion. Aim of these 

measurements was to point out the pros and cons of different mapping tables. This 

should help the decision how to drive the PA and what parameters should be taken 

into account. Different mapping tables were measured with 10 MHz signal with 50 
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RB which have similar probability density function as 20 MHz 100 RB signal 

presented in the Figure 4.2. 

Performance for several mapping tables was measured iteratively with Matlab. At 

first, mapping tables were generated from the heuristically optimized model 

described in the Chapter 4.4 by increasing or decreasing output voltage by 0.2 V. 

Increasing voltage means that instantaneous input power triggers higher output 

voltage for the envelope modulator and vice versa. The output voltage of the 

envelope modulator is limited so the highest peaks of the output RF signal are 

distorted. If mapping table is increased too much it will need constant boost which 

cause system efficiency degradation and increase of nonlinearities. 

Total amount of mapping tables examined were 11 and for every table the input 

power was swept from -14.8 to -2.8 dBm with step of 0.5 dB. Generator power is the 

Root Mean Square (RMS) power but mapping table affects also amplitudes below 

and above RMS power with corresponding voltage level. Generator was not turned 

off between the measurements so measurements corresponds the situation where the 

die has warmed up after usage. The envelope modulator settings were optimized for 

high output power so for lower power results might not be the optimal.  

Measured carrier power and system PAE for different mapping tables are 

presented in Figure 4.18. Dashed lines denotes the mapping tables, crosses shows the 

measurement points and color contours shows the measurement results.  

 

 

Figure 4.18. Measured carrier power and system PAE for different mapping 

tables.  

 

Carrier power was increasing when the input power was increased or supply voltage 

was increased. This is expected behavior because the gain of the PA is increasing 

when higher Vcc voltage is applied. The drawback from higher Vcc voltage decreased 

system PAE so tradeoff between these two parameters has to be made. When looking 

the best mapping table in efficiency point of view, those were 4
th

, 5
th

 or 6
th

 lowest 

depending on the desired output power level. When examining the 27 dBm output 

power for 4
th

, 5
th

 and 6
th

 lowest mapping tables, the system power added efficiencies 

were 39.3 %, 39.4 % and 38.9 %, respectively. In this regard the 5
th

 lowest mapping 

table was the optimum.  

The system PAE is not the only thing which should be considered when selecting 

utilized mapping table. Linearity is also an important design parameter and it can be 

examined for example with adjacent channel power ratio. Figure 4.19 present results 

for E-UTRA APCR for different mapping tables. 
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Figure 4.19. Measured E-UTRA ACPR for different mapping tables. 

 

As mentioned in the beginning of this Chapter, the envelope modulator settings were 

optimized for high output power levels and thus degradation of ACPR was visible in 

the Figure 4.19 with low output powers. For the final product this can be avoided by 

adjusting the envelope modulator according to input power level so it applies optimal 

settings for each power level separately. When inspecting the best mapping tables in 

ACPR point of view, those were again 4
th

, 5
th

 and 6
th

 lowest. Low E-UTRA ACPR’s 

were - 42.4 dBc, -43.9 dBc and - 45.3 dBc, respectively. Similar results for high E-

UTRA channel were - 43.8 dBc, - 44.3 dBc and - 44.1 dBc, respectively. Every of 

these three mapping tables were fulfilling the target specification defined for this 

thesis, leaving over 4 dB margin to it. Also spectrum emission mask was measured 

as linearity measure and similar behavior was clearly visible for SEM than for 

ACPR. Choosing 5
th

 lowest mapping table should result into a good situation as it 

produces the best system power added efficiency with good ACPR performance.  

4.7. Performance Comparison to Average Power Tracking 

This Section includes linearity and efficiency comparison between envelope tracking 

and average power tracking. Comparison was done with different DUT than 

described in the Chapter 4.2. The reason for selecting a different DUT was mainly 

because the earlier PA had limitations as it was optimized only for ET. In addition to 

this, the earlier PA was a single-band PA module but the trend in the industry is to 

use Multi-Mode Multi-Band (MMMB) power amplifier module.  

The MMMB PA allows using multiple modes such as GSM, Third Generation 

(3G) and LTE in same module together with multiple frequency bands. This allows 

much smaller Printed Circuit Board (PCB) size than using multiple single-band PA 

modules and cost for the transmitter is usually smaller with the MMMB PA. 

Drawback in the MMMB PA is that power added efficiency is typically worse than 

with single-band PA because tradeoff between complexity and PAE have been made. 

The MMMB PA evaluated in this thesis is suitable for both envelope tracking and 

average power tracking, making comparison reasonable. Envelope tracking makes 

MMM  PA’s more attra ti e sin e the single-band PA’s are  s a  y ha in  q ite 

good PAE also with APT.  
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Although the DUT was different, the envelope modulator was the same as earlier 

and this allows similar procedures for delay calibration and mapping table utilization. 

Used mapping table was heuristically optimized and it produced quite constant AM-

AM distortion. Notable detail was that instantaneous AM-AM distortion points were 

spanning significantly narrower area than with single-band PA module. AM-PM 

distortion was approximately 4 degrees at most so it is not requiring AM-PM 

predistortion or causing any significant actions for the final product.  

Efficiency comparison is difficult to execute because both should have similar 

linearity before efficiency could be compared. It was observed previously in this 

thesis that tradeoff has to be made between linearity and efficiency. Even if the 

tradeoff can be made; it does not make sense to force ET and APT to similar 

linearity, as they have a different linearity vs. efficiency optimums. This problem can 

be avoided by implementing Figure of Merit (FOM) which consists from both, 

linearity and efficiency. Linearity was obtained from spectral regrowth by measuring 

E-UTRA ACPR for both upper and lower channel and efficiency was obtained by 

calculating system PAE from measured results. FOMACPR+PAE were formed by 

adding positive ACPR expressed in dBc to system PAE expressed in percentage. 

Worse value from lower and upper ACPR was chosen for FOMACPR+PAE.  

Measurements was performed for 5 MHz, 10 MHz and 20 MHz full RB LTE 

signals, described more carefully in the Chapter 3.1. Band 17 was selected to remain 

consistency of this thesis work. Output power levels of 27 dBm, 26 dBm, 25 dBm, 

24 dBm, 22 dBm and 20 dBm were examined. For envelope tracking, the envelope 

modulator internal parameters were adjusted manually for optimal tradeoff between 

linearity and efficiency for every output power level separately. For APT, the 

envelope modulator was set to bypass mode and supply voltage was adjusted with 

the power supply. For both, maximum supply voltage was restricted to be 3.8 V and 

for APT it was lowered to obtain optimal point between linearity and efficiency for 

every power level.  

FOMACPR+PAE comparison between ET and APT for three different LTE signals 

are presented in Figure 4.20.  

 

 

Figure 4.20. FOMACPR+PAE comparison between ET and APT. 
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Result showed that combined performance of ET was better than with APT for every 

power level with all three LTE signals, even though absolute levels from APT 

measurements were quite good. For the high power levels the best performance for 

ET and APT was obtained with 10 MHz signal. Remarkable was that ET has 

significantly better performance with 10 MHz signal compared to APT. It was also 

noticed that with 3 highest power levels, both ACPR and system PAE were better 

with ET. Similar behavior was obtained for 5 MHz signal even the absolute levels 

were not as good as for 10 MHz signal. The reason why the best FOMACPR+PAE is 

obtained with 10 MHz signal for highest power levels could be that the envelope 

modulator and/or the PA might be optimized for 10 MHz bandwidth as it is the 

middle point in the bandwidth scale for LTE.  

With 20 MHz signal FOM difference between ET and APT was reduced 

compared to the lower bandwidth signals. This could be explained with the nature of 

the 20 MHz signal as its envelope is very fast and thus it is the most difficult for the 

envelope modulator to track accurately. The envelope modulator can track it 

sufficiently as ACPR for highest power level was fulfilling the 3GPP specification 

with sufficient target margins defined in this thesis. APT was performing few 

decibels worse in ACPR than ET so it did not achieve the targets set for this thesis 

but it fulfilled the 3GPP specification. For the highest power level with 20 MHz 

signal, system PAE was identical for both, so ET did not bring any efficiency 

benefits in addition to better linearity.  

When decreasing the output power, FOMACPR+PAE difference between ET and 

APT decreases also. In some phase this results to the point that APT has better 

FOMACPR+PAE than ET. After the point is achieved, the envelope modulator should 

make a smooth transition to APT from ET in order to remain good system power 

added efficiency and linearity. The transition must be smooth in order to avoid 

dropping the data transmission or increasing spurious emissions.  
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5. DISCUSSION 
 

Envelope tracking has not been implemented in a commercial mobile device yet. It 

has been one of the hot topics in the mobile device industry for a while and several 

major companies are trying to implement it on their devices. The main benefits 

compared to APT are that ET is expected to bring better linearity and system 

efficiency, higher maximum power and less heat dissipation. All of these are not 

necessarily achieved at the same time and actual benefits depend on how ET system 

is implemented. The envelope tracking architecture can be very complex or it can be 

quite a simple. Complexity should bring out more benefits from ET than simple 

solution. 

Example of a simple ET architecture could be a solution that it only tracks the 

envelope signal coarsely with a fast DC-DC buck converter. On the other hand, a 

complex solution could include very accurate and fast envelope signal tracking with 

capability to boost the battery voltage to obtain maximum linearity for the peaks of 

RF signal envelope. Accurate tracking increases the efficiency of the PA but usually 

decreases the efficiency of the envelope modulator. Both of these architectures 

requires RFIC to feed the envelope information and control signals for the envelope 

modulator. Simple architecture can be implemented with simple software but 

complex architecture need also complex software to gain every piece of 

performance. Selection of the architecture depends on the targets and requirements of 

a final product.  

This thesis concentrated to the complex architecture and thus performance metrics 

should be better than with APT or simple ET solution. It was shown in the 

comparison between APT and ET that ET has significantly better performance 

metrics for the high output power levels. Although the FOMACPR+PAE was 

significantly better for ET, it might not be reasonable to implement ET in low-end 

products. The reason for this is that ET solution is more expensive and more complex 

than existing APT solutions. When considering high-end mobile devices with high 

data rates, ET should bring valuable benefits compared to APT. 

Nowadays typical use case for high-end mobile device is data transfer by using 

high data rates. Especially in the LTE, the average transmission power is quite high 

which decreases the battery life time significantly. Envelope tracking allows using 

higher transmit power to keep Signal-to-Noise Ratio (SNR) sufficient for high data 

rates which increases coverage of a LTE base station. When data rate can be kept 

high, it shortens the transmission time, expands the battery life time and decreases 

the warming of the device. All of these results to a better user experience. For an 

example, a short metadata transmission for picture can be done quickly because 

coverage for high data rate is good. Another example could be video streaming when 

thermal aspects and battery life time are the most critical things. 

 As a drawback, complex architecture requires more accurate delay calibration 

between the envelope signal and the RF signal path than simple ET architecture. If 

the delay calibration is not sufficient, it might wreck all the possible benefits and 

make the mobile device almost useless. On the other hand, if delay calibration can be 

made robustly and accurately, it allows driving the PA into deeper compression 

which results to better PAE. In addition to the delay calibration, ET might also need 

mapping table calibration to compensate the effect of the PA tolerances. These 

become a major issue when the final product is taken to a mass production phase and 

testing time is very valuable. 
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Delay calibration was studied with Matlab based solution but implementing 

similar solution to for mass production might be too complex and slow. Results of 

delay calibration showed that delay mismatch affects both, EVM and APCR in the 

similar way. This information could be useful because delay calibration according to 

ACPR should be quite straight forward as it can be performed with the existing 

production calibration equipment. This assumption holds only if the delay can be 

pre-defined with sufficient accuracy and if the delay does not change too much 

according to the envelope modulator tolerances. Sweeping through a large number of 

different delay values takes too much time but with this approach it could be 

minimized to a few point. 

At first, mapping table was iteratively adjusted to obtain minimum AM-AM 

distortion and afterwards DUT specific mapping table was used. The gain of the PA 

and 1 dB compression point might fluctuate according to sample which needs to be 

compensated by adjusting mapping table. Iterative mapping table study is time 

consuming and thus a simpler implementation is needed for mapping table 

calibration for mass production. One approach could be that first the gain is 

determined with the low power level and as a second step the mapping table is 

adjusted with few measurement points to remain constant gain for every power level. 

Majority of measurement points should be selected to be in the critical parts of the 

mapping table in order to allow accurate interpolation through all power levels. 

Calibration should also include ACPR measurement because the mapping table is 

affecting significantly to linearity.  

Some attention should be paid to special use cases as there might show up some 

unexpected behavior. This can be done by performing exclusive measurement plan, 

which consist for example partial RB cases, RX band noise measurements for 

different bands, spurious domain measurements and stricter cases for the spectrum 

emission mask. Also requirements from the mobile device manufacturer and 

operators must be taken into account. Exclusive measurements can be done after ET 

system is implemented on the RFIC. Measurements for this thesis did not expose any 

significant problems for ET implementation, even there are potential risks with 

production calibrations.  

Overall, ET is a promising solution for the power consumption issue in the mobile 

devices. Especially, when taking also other benefits from it into account. For 

example, increased linearity might allow Complementary Metal Oxide 

Semiconductor   MOS  PA’s to s bstit te the existing Gallium Arsenide (GaAs) 

PA’s. Regardless of the PA fabrication technology, absolute level of system 

efficiency should be increasing in the near future as the envelope modulators and the 

PA’s for ET are under intensive development. It will be interesting to see, when the 

first commercial envelope tracking solution will be on the markets.  
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6. SUMMARY 
 

The goal for this thesis was to characterize an envelope tracking system and conclude 

possible benefits from it compared to existing solutions. Characterization was done 

with Matlab controlled test setup by using test boards provided by envelope 

modulator supplier. Measurements were done using two different PAs but the same 

envelope modulator. Minimum requirements for system performance are set by 

3GPP but additional margins were set in this thesis.  

Before actual measurements, the measurement setup was build and verified. After 

basic calibration of all the necessary equipment, delay between the envelope and RF 

signal path was calibrated. Delay calibration showed that delay mismatch cannot be 

too high in order to keep sufficient linearity. Width of the delay budget was 

depending from the compression level of the PA and the bandwidth of the signal. 

The mapping table was the second thing which had to be adjusted before completing 

any performance measurements. It was shown that the AM-PM predistortion was not 

required as maximum phase shift between input and output was only 4 degrees. By 

using iterative approach for the mapping table, constant AM-AM behavior was 

achieved. For the performance measurements, heuristically optimized mapping table 

that included margins for expected production tolerances was used. 

Basic performance measurements were completed for different temperatures 

between -15 ℃ to +55 ℃. The gain of the PA was decreasing as temperature was 

increasing which resulted to worse but still sufficient linearity at high temperatures 

when output power was kept the same. Advanced measurements included RX band 

noise and load pull measurements. Worst RX band noise was -122.3 dBm / Hz which 

is higher than with a typical APT solution. This is not causing significant receiver 

desensitization for band 17, but it should be examined for other frequency bands 

also. Load pull measurements were executed to ensure functionality when the load 

impedance is varying. Maximum power was obtained at the center of the chart and 

linearity was decreasing moderately when SWR was increased.  

Finally different mapping tables were studied and performance comparison 

between ET and APT was done. Mapping table study showed that the output power, 

system PAE, ACPR and SEM were strongly dependent on the used mapping table. It 

was pointed out that the envelope modulator internal settings should be fine-tuned 

according to the output power. Both, linearity and system PAE were taken into 

account by forming FOMACPR+PAE which is summation between those two. 

FOMACPR+PAE for ET was significantly better than for APT with all three bandwidths 

which were measured. It was shown that the best FOMACPR+PAE was achieved for 10 

MHz signal with ET and difference to APT was 10 units (dBc + %).  

Overall, examined envelope tracking architecture was found to be a promising 

solution for mobile devices. It was shown that ET will bring the industry proven 

benefits of APT system to next level by modulating the PA Vcc according to the RF 

signal envelope allowing the PA operation in continuous compression. Performance 

measurements denoted higher efficiency and linearity for ET than with APT for high 

output powers. As a result, better user experience can be expected. ET has also a few 

drawbacks compared to the existing solutions. These include the need for accurate 

delay calibration, mapping table adjustment and complex control software for the 

envelope modulator. When considering all the pros and cons, go / no go decision is 

dependent on the requirements and targets of the final product. 
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