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ABSTRACT

Mahdi Maqsudi: Active Antenna Performance Estimation
Master of Science Thesis in Technology
Tampere University
Master’s Programme in Electrical Engineering: Advanced Studies in Wireless Communications
June 2025

Radio Frequency (RF) networks are often designed with input and output impedances of 50 
 . This
choice is a compromise, and there is not a fundamental reason beyond convention for selecting this
specific value. While datasheets for various vendors’ RF modules often claim that their power ampli-
fiers (PAs) transfer maximum power at 50 
 , the overall performance of an integrated active antenna
system—where the antenna and PA are combined into a single unit—after integration may not meet
initial targets, resulting in a total radiated power that does not satisfy expectations. This work aims not
to design power amplifiers, but rather to address methods to identify the impedance at which the PA
achieves its most efficient power transfer, ultimately to increase the antenna’s total radiated power.

Given that power amplifiers typically operate in their non-linear region, their S-parameters do not
provide a reliable means for determining the optimum impedance point. An alternative approach is to
explore various reflection coefficient (� ) points on the Smith chart to find the optimum impedance. To
achieve this, we establish an automated load-pull measurement system. This process involves familiar-
izing ourselves with different load-pull methodologies. In engineering practice, it is generally preferable
to establish a relatively simple yet functional system. The simplest load-pull method is the scalar pas-
sive load-pull technique, where the primary instrument is an impedance tuner. Due to the unavailability
of an impedance tuner in our company’s laboratory, suitable alternatives are reviewed. The required
impedance tuner should operate within lower frequency bands (from 400 MHz upwards) and represent
an economically affordable purchase for the company. To enable automation, all instruments within the
setup must be remotely controllable. Finally, these remote-controlled instruments need to be intercon-
nected, and their control programs integrated into a unified system. This integrated system will then
automatically measure and record power amplifier’s performance across a range of impedance points.

The results indicate that while a power amplifier performs well at 50 
 , there exist other impedance
values at which its performance is even better. By designing the antenna and transmission line to match
the optimal impedance point, identified within the contours of constant output power, we can achieve
improved overall performance of the active antenna system. This optimization could lead to an increase
of 1–3 dB in radiated power. An increase of 1–3 dB corresponds to approximately 1.26 to 2 times the
original output power, representing a significant improvement.

Keywords: Load-Pull Measurements, Impedance Tuner, Power Amplifier, Total Radiated Power, Reflec-
tion Coefficient, Smith Chart
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Radiotaajuiset (RF) verkot suunnitellaan usein siten, että niiden tulo- ja lähtöimpedanssit ovat 50 
 .
Tämä valinta on kompromissi, eikä tämän nimenomaisen arvon valinnalle ole välttämätöntä perusluon-
teista syytä. Vaikka eri toimittajien RF-moduulien datalehdissä usein väitetään, että niiden tehovahvis-
timet (PA:t) siirtävät maksimitehon 50 
 :ssa, integroidun aktiivisen antennijärjestelmän—jossa antenni
ja PA on yhdistetty yhdeksi kokonaisuudeksi—kokonaissuorituskyky integroinnin jälkeen ei välttämättä
vastaa alkuperäisiä tavoitteita, mikä johtaa kokonaisradiotehoon, joka ei täytä odotuksia. Tämän työn
tavoitteena ei ole suunnitella tehovahvistimia, vaan tarkastella menetelmiä sen impedanssin tunnista-
miseksi, jossa PA saavuttaa tehokkaimman tehonsiirtonsa, lopullisena tavoitteena antennin kokonaisra-
diotehon lisääminen.

Koska tehovahvistimet tyypillisesti toimivat epälineaarisella alueella, niiden S-parametrit eivät tar-
joa luotettavaa keinoa optimaalisen impedanssipisteen määrittämiseen. Vaihtoehtoinen lähestymistapa
on tutkia erilaisia heijastuskertoimen (� ) pisteitä Smith-kartalla tämän optimaalisen impedanssin löytä-
miseksi. Tämän saavuttamiseksi luomme automatisoidun load-pull-mittausjärjestelmän. Tämä proses-
si sisältää tutustumisen erilaisiin load-pull-menetelmiin. Insinöörikäytännössä on yleensä suositeltavaa
luoda suhteellisen yksinkertainen mutta toimiva järjestelmä. Yksinkertaisin load-pull-menetelmä on ska-
laarinen passiivinen load-pull-tekniikka, jossa pääinstrumentti on impedanssisovitin. Koska yrityksemme
laboratoriossa ei ole saatavilla impedanssisovitinta, työssä selvitetään sopivia vaihtoehtoja. Vaaditun im-
pedanssisovittimen tulisi toimia alemmilla taajuusalueilla (400 MHz:stä ylöspäin) ja edustaa yritykselle
taloudellisesti edullista hankintaa. Automatisoinnin mahdollistamiseksi kaikkien järjestelmän instrument-
tien on oltava etäohjattavia. Lopuksi nämä etäohjattavat instrumentit on yhdistettävä toisiinsa, ja niiden
ohjelmat on integroitava yhtenäiseksi järjestelmäksi.

Työssä toteutettu integroitu järjestelmä mittaa ja tallentaa sitten automaattisesti tehovahvistimen suo-
rituskykyä eri impedanssipisteissä. Tulokset osoittavat, että vaikka tehovahvistin toimii hyvin 50 
 :ssa,
on olemassa muita impedanssiarvoja, joilla sen suorituskyky on parempi. Suunnittelemalla antennin ja
siirtolinjan vastaamaan optimaalista impedanssipistettä, joka on tunnistettu vakiotehon tasa-arvokäyrien
sisältä, on mahdollista parantaa aktiivisen antennijärjestelmän kokonaissuorituskykyä. Tämä optimoin-
ti voi johtaa säteilytehon kasvuun 1–3 dB. 1–3 dB:n lisäys vastaa noin 1,26–2-kertaista alkuperäiseen
lähtötehoon verrattuna, mikä on merkittävä parannus.

Avainsanat: Load-pull mittaukset, Impedanssisovitin, Tehovahvistin, Kokonaissäteilyteho, Heijastusker-
roin, Smith-kartta

Tämän julkaisun alkuperäisyys on tarkastettu Turnitin OriginalityCheck -ohjelmalla.
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1. INTRODUCTION

The increasing demand for wireless connectivity and the growing number of radio-frequency

(RF) devices necessitate efficient and high-performing antenna systems. Optimizing the perfor-

mance of these systems during the product design phase is essential for achieving the desired

communication range and overall device efficiency. This thesis investigates important aspects

of antenna system design, focusing on a methodology that can significantly impact the devel-

opment of wireless products.

One particular area of investigation is the analysis of active antenna system performance. An-

tenna characterization often relies on passive measurements, which may not fully illustrate the

interaction between the antenna and the active components of a wireless device. Understand-

ing the benefits of active antenna analysis enables a more accurate evaluation of antenna

performance under operational conditions, potentially leading to more accurate simulations,

better component selection, and ultimately improved product performance.

A key element of active antenna design optimization, particularly for transmitters, is the process

of load pull. This technique [31] involves presenting various impedances to the power ampli-

fier’s output to determine the optimal matching condition for maximizing power transfer and

efficiency. This thesis examines different load pull methods, namely active, passive, hybrid,

and modulated load pull. The focus is on the passive and active load-pull methods, whose

advantages and disadvantages are analyzed, considering factors such as measurement ac-

curacy, frequency range, complexity, and cost. Furthermore, this research investigates which

of these methods is best suited for maximizing the Total Radiated Power (TRP), a key perfor-

mance metric for transmitting antennas in wireless devices. Understanding the strengths and

limitations of each load pull technique is essential for selecting the most effective approach for

antenna optimization in product development.

The practical implementation of load pull techniques often involves impedance tuners. These

devices allow for the controlled variation of impedance presented to the power amplifier. This

thesis explores different generations of impedance tuners, both older and newer. This analysis

will consider factors such as increased measurement speed, wider impedance matching capa-

bilities, and improved accuracy. By evaluating the economic advantages of modern impedance

tuning solutions, this research aims to provide valuable insights for companies seeking to opti-

mize their antenna design and testing infrastructure.
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The thesis begins with background theory, introducing the theoretical groundwork necessary

for understanding the subsequent analysis. It starts with transmission lines, detailing how to

calculate their reflection coefficient and loss, emphasizing the important role of S-parameters,

ABCD matrices, and the Smith chart in this context. For the antenna itself, essential perfor-

mance parameters are also defined and discussed. Chapter 3 transitions from theory to prac-

tical implementation by examining load-pull measurement systems. This chapter introduces

our automated load-pull system, highlighting how the automation of system components sig-

nificantly accelerates the measurement process. Chapter 4 presents the results and analysis,

focusing on the experimental investigation of an LTE module and analyzing the performance

of an antenna when integrated with this module as the active component. Finally, the thesis

concludes with a summary of findings and future directions.
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2. BACKGROUND THEORY

This section reviews the basic RF and antenna concepts necessary for understanding the

practical work.

2.1 Basic RF Parameters

In transmission lines, unlike typical circuits, the physical size of the line elements is comparable

to the signal’s wavelength due to their high frequencies. Consequently, the signal’s magnitude

and phase can change as it travels along the line, even if the line is only a few centimeters long.

[17, p. 48] To understand this, we review the key transmission line (TL) parameters.

2.1.1 Transmission Lines

Figure 2.1 shows a schematic of a terminated lossless TL. For a forward voltage wave of

V +
0 e� j�z originating from a generator at z < 0, the voltage-to-current ratio will be equal to the

characteristic impedance of the line, Z0. When the line is terminated with a load impedance ZL

not equal to the characteristic impedance Z0, there will be a backward voltage wave V �
0 ej�z so

that the voltage-to-current ratio is equal to ZL at the load
�

ZL = V (0)
I (0)

�
. The total voltage and

current on the line are [17, pp. 56–57]

  \label {eq:TL_voltage} V(z) = V_0^+e^{-j\beta z} + V_0^-e^{j\beta z},   
    

   (2.1)

Figure 2.1. A terminated lossless transmission line. Modified from [17, p. 57]
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  \label {eq:TL_current} I(z) = \frac {V_0^+}{Z_0}e^{-j\beta z} - \frac {V_0^-}{Z_0}e^{j\beta z}. 





 





  (2.2)

From equations 2.1 and 2.2, the reflected voltage wave at z = 0 is given by

  V_{o}^{-}=\frac {Z_{L}-Z_{0}}{Z_{L}+Z_{0}}V_{o}^{+}. 


 

 


  (2.3)

The voltage reflection coefficient is then

  \label {eq:TL_refl} \Gamma = \frac {V_{o}^{-}}{V_{o}^{+}} = \frac {Z_{L}-Z_{0}}{Z_{L}+Z_{0}}. 








 

 
 (2.4)

Using equation 2.4, the voltage and current on the line can be written as [17, p. 57]

  \label {eq:TL_voltage2} V(z) = V_o^+ (e^{-j\beta z} + \Gamma e^{j\beta z}),   
       (2.5)

  \label {eq:TL_current2} I(z) = \frac {V_o^+}{Z_0} (e^{-j\beta z} - \Gamma e^{j\beta z}). 





      (2.6)

The reflected voltage and current will be zero only when the reflection coefficient � is zero;

there will be no reflection when ZL equals Z0 (matched condition). The average power flow

along the TL is

  P_{avg} = \frac {1}{2}Re{\left (V(z)I(z)^*\right )} = \frac {1}{2} \frac {|V_o^+|^2}{Z_0} (1 - |\Gamma |^2)\\, 



   







     (2.7)

showing that the average power flow along the TL is constant. [17, pp. 57-58] If � is zero

(matched load), the maximum power will be transferred, otherwise, some part of or all the

power will be reflected. The return loss (in dB) describes the reflection due to a mismatch

condition as

  \texttt {RL} = -20\log |\Gamma | (\texttt {dB}),      (2.8)

which indicates that with no reflected power (� = 0 ), the RLis infinite, and with all the power

reflected (� = 1 ), the RLis 0 dB. [17, p. 58] Due to mismatch and reflections, the magnitude

of the voltage along the line is not constant, considering spatial variation only (not time). The

maximum and minimum values of voltage along the line are

  V_{max} = |V_o^+|(1+|\Gamma |),   
     (2.9)
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  V_{min} = |V_o^+|(1-|\Gamma |).   
      (2.10)

A change in � changes the ratio of Vmax to Vmin which is called the voltage standing wave ratio

(VSWR):

  \texttt {VSWR} = \frac {1+|\Gamma |}{1-|\Gamma |}. 
  
   

 (2.11)

For a matched condition, VSWR equals 1. [17, p. 58] For a terminated lossless TL for which

we know the line length, the characteristic impedance, and the phase constant, the input

impedance can be written as [17, p. 59]

  \label {eq:z_in_1} Z_{in} = Z_0 \frac {Z_{\ell } + jZ_0 \tan (\beta l)}{Z_0 + jZ_{\ell } \tan (\beta l)}.  
     
    

 (2.12)

However, since in this work, we aim to analyze the RF transmitter connected to the antenna,

considering all possible losses, we shall use the following input impedance equation (which

considers the losses presented in the TL) [5, p. 451]

  \label {eq:z_in_2} Z_{in} = Z_0 \frac {Z_{\ell } + Z_0 \tanh (\gamma l)}{Z_0 + Z_{\ell } \tanh (\gamma l)},  
    
    

 (2.13)

where 
 = � + j� . The general equation for the complex propagation constant 
 is [17, p. 79]

  \gamma = \sqrt {(R + j\omega L)(G + j\omega C)}. 


       (2.14)

For a coaxial line with inner and outer radii of a and b, respectively, the transmission line

parameters are [17, p. 54]

  L [\text {H/m}] = \frac {\mu }{2\pi }\ln {b/a}, 



  (2.15)

  C [\text {F/m}] = \frac {2\pi \epsilon '}{\ln {b/a}}, 



 (2.16)

  R [\Omega /\text {m}] = \frac {R_s}{2\pi }\left (\frac {1}{a}+\frac {1}{b}\right ),  













 (2.17)

  G [\text {S/m}] = \frac {2\pi \omega \epsilon ''}{\ln {b/a}}. 



 (2.18)
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The complex permittivity [17, pp. 10-11] is defined as

  \label {eq:complex_perm} \epsilon = \epsilon ' - j\epsilon '',       (2.19)

where � 0 is the real part of the complex permittivity, and � 00is the imaginary part of the complex

permittivity. Alternatively, � 00is written in terms of loss tangent as

  \epsilon '' = \epsilon ' \tan \delta .     (2.20)

So,

  \epsilon =\epsilon '(1-j\tan \delta ).         (2.21)

The real part of the complex permittivity is � 0 = � r � 0, where � r is the relative permittivity and � 0

is the vacuum permittivity.

The characteristic impedance of the coaxial line can be calculated using the line parameters

as [17, p. 79]

  \label {eq:z_0} Z_0 = \sqrt {\frac {R + j\omega L}{G + j\omega C}}. 


 
 

 (2.22)

The phase constant � is also material-dependent and can be written as [17, p. 80]

  \beta = \omega \sqrt {LC} = \omega \sqrt {\mu \epsilon '}. 


 


  (2.23)

Source and Load Mismatches

Impedance mismatches cause reflections not only at the load but also at the source. Figure

2.2 illustrates a transmission line (TL) connected to a source with impedance Zs 6= Z0 at the

Figure 2.2. A lossless TL connected to a generator and load. Modified from [13, p. 85]
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input and a load with an impedance ZL 6= Z0 at the output. Due to the mismatch, multiple

reflections will occur at both TL ends. [17, p. 76] A quantitative analysis of this situation is

beyond the scope of this work, instead, a reflection diagram is provided in Figure 2.3 to explain

the situation.

Figure 2.3 illustrates the traveling reflected voltages along the TL, from the source at z = 0
toward the load at z = l , and back. At t = 0 , the voltage V +

1 starts traveling towards the load

in the + z direction. When it reaches the load, a reflected voltage � L V +
1 is generated, traveling

towards the source in the � z direction. [5, p. 474] When the reflected � L V +
1 voltage reaches

the source, another reflected voltage � s� L V +
1 is generated, which travels towards the load.

This process continues indefinitely, and since � < 1 in our case, each successive reflected

voltage decreases in magnitude. [5, p. 475] If we sum up the incident voltage V +
1 with all

possible reflected voltages as t ! 1 , the voltage at the load VL will be [5, p. 473]

  \begin {aligned} V_L &= V_1^+ + V_1^- + V_2^+ + V_2^- + V_3^+ + V_3^- + \cdots \\ &= V_1^+ (1 + \Gamma _L + \Gamma _s \Gamma _L + \Gamma _s \Gamma _L^2 + \Gamma _s^2 \Gamma _L^2 + \Gamma _s^2 \Gamma _L^3 + \cdots ) \\ &= V_1^+ [(1 + \Gamma _s \Gamma _L + \Gamma _s^2 \Gamma _L^2 + \cdots ) + \Gamma _L (1 + \Gamma _s \Gamma _L + \Gamma _s^2 \Gamma _L^2 + \cdots )] \\ &= V_1^+ \left [ \left ( \frac {1}{1 - \Gamma _s \Gamma _L} \right ) + \left ( \frac {\Gamma _L}{1 - \Gamma _s \Gamma _L} \right ) \right ] \\ &= V_1^+ \left ( \frac {1 + \Gamma _L}{1 - \Gamma _s \Gamma _L} \right ). \label {eq:multiple_refl} \end {aligned}   
  

  
  

  
  

   

 
           

  


  


    

 
       


               


    

 





   







   



 



  

   




(2.24)

Figure 2.3. Voltage reflection diagram for the TL shown in Figure 2.2 [5, p. 474]
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To observe the variation of the voltage over time at point z = z1, we draw a vertical line

intersecting all the lines representing the reflected voltages at points P1, P2, P3, etc., as shown

in Figure 2.3. From each intersection, a horizontal line is then drawn to the time axis, allowing

us to read the voltage values from the reflection diagram at different time instants. The V (z; t)
graph is illustrated in Figure 2.4 for � g = 1=3 and � L = 1=2 yielding V (z; t) = 3 V0=5 as

t ! 1 , according to Equation 2.24. [5, pp. 475-477]

Figure 2.4. Voltage along the TL as a function of time. As t ! 1 , V ! 3V0=5. [5, p. 477]

2.1.2 Scattering Parameters

Measuring voltage and current in AC circuits at high frequencies is impractical due to diffi-

culties creating shorts and opens. To address this, scattering parameters (S-parameters) are

used. In a two-port network, there are four S-parameters that describe forward and reverse

transmission, as well as input and output reflection coefficients. [39]

Figure 2.5. The S-parameters for a two-port network. [30, p. 2]

As illustrated in Figure 2.5, the input and output reflection coefficients are represented by S11

at port 1 and S22 at port 2, respectively. These parameters represent the input and output

reflection coefficients when other ports are terminated with matched loads. Furthermore, the

forward transmission coefficient is described by S21, and the reverse transmission coefficient

by S12. The S-parameters in their matrix form are [30, p. 2]

  \label {eq:s_param_matrix} \begin {bmatrix} V_1^- \\ V_2^- \end {bmatrix} = \begin {bmatrix} S_{11} & S_{12} \\ S_{21} & S_{22} \end {bmatrix} \begin {bmatrix} V_1^+ \\ V_2^+ \end {bmatrix}. 































  (2.25)
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The reference characteristic impedance is normally 50 
 . S-parameters are typically measured

using a vector network analyzer (VNA) or simulated. To measure S11 and S21, an incident

voltage V +
1 is applied to port 1, and the reflected voltage V �

1 and transmitted voltage V �
2 are

measured, while port 2 is terminated such that V +
2 = 0 . Based on the equation 2.25, if V +

2 = 0 ,

we can measure input reflection and forward transmission coefficients as [30, p. 3]

  S_{11} = \frac {V_1^-}{V_1^+}, 







 (2.26)

  S_{21} = \frac {V_2^-}{V_1^+}. 







 (2.27)

In some literature, the forward and reverse traveling waves are denoted by the letters a and b,

respectively. In this case, the input reflection coefficient can be expressed as

  S_{11} = \frac {b}{a}. 



 (2.28)

The same principle applies when measuring S22 and S12. However, in the case of a symmet-

ric network, S11 = S22 and S21 = S12. [17, pp. 178-179] Nevertheless, the load impedance

is almost always different from the TL impedance (V +
2 6= 0 ). Therefore, the input and out-

put reflection coefficients also depend on the S-parameters. When considering a load with

impedance ZL and a source with impedance ZS, the load and source reflection coefficients

are

  \Gamma _L = \frac {Z_L - Z_0}{Z_L + Z_0}, 
 

 
 (2.29)

  \Gamma _S = \frac {Z_S - Z_0}{Z_S + Z_0}, 
 

 
 (2.30)

and by analyzing the TL connected to the load ZL and source ZS, the input and output reflection

coefficients will be [13, pp. 467-469]

  \label {eq:g1} \Gamma _{in} = S_{11} + \frac {S_{12}S_{21}\Gamma _L}{1-S_{22}\Gamma _L},   


  
 (2.31)

  \label {eq:g2} \Gamma _{out} = S_{22} + \frac {S_{12}S_{21}\Gamma _S}{1-S_{11}\Gamma _S}.   


  
 (2.32)
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Smith Chart

The Smith chart [17, pp. 63-64] is a graphical design tool used to solve impedance matching

problems. It is used to represent the reflection coefficient (equation 2.4) in the reflection co-

efficient plane (� plane). The Smith chart is based on the polar representation of the voltage

reflection coefficient as

  \Gamma = |\Gamma |e^{j\theta }.     (2.33)

On the Smith chart, the magnitude of � (j� j � 1) is plotted as a radius from the center, and the

angle � (� 180� � � � 180� ) is measured counterclockwise from the right end of the horizontal

diameter. For passive loads, j� j � 1.

For a lossless TL terminated with an impedance ZL , the reflection coefficient � can be ex-

pressed in terms of the normalized zL = ZL
Z0

as

  \Gamma = \frac {z_L-1}{z_L+1} = |\Gamma |e^{j\theta }, 
 
 

    (2.34)

from which the normalized load impedance zL can be written as

  \label {eq:z_L_gamma} z_L = \frac {1+|\Gamma |e^{j\theta }}{1-|\Gamma |e^{j\theta }}. 
  

      (2.35)

Substituting the real and imaginary parts of zL = rL + jx L and � = � r + j � i in the equation

2.35 yields

  r_L + jx_L = \frac {(1+\Gamma _r)+j\Gamma _i}{(1-\Gamma _r)-j\Gamma _i}    
       

       
(2.36)

By multiplying the numerator and denominator by the complex conjugate of the denominator,

we can derive the expressions for the rL and xL

  r_L &= \frac {1 - \Gamma _r^2 - \Gamma _i^2}{(1 - \Gamma _r)^2 + \Gamma _i^2} \label {eq:rL}, \\ x_L &= \frac {2\Gamma _i}{(1 - \Gamma _r)^2 + \Gamma _i^2} \label {eq:xL}.
  

  


      






      

 (2.37b)

After rearranging the equations 2.37a and 2.37b we obtain



  \left (\Gamma _r - \frac {r_L}{1 + r_L}\right )^2 + \Gamma _i^2 &= \left (\frac {1}{1 + r_L}\right )^2 \label {eq:circle_r}, \\ (\Gamma _r - 1)^2 + \left (\Gamma _i - \frac {1}{x_L}\right )^2 &= \left (\frac {1}{x_L}\right )^2 \label {eq:circle_x}.


 



 



 





 





   


 
















                

           

                 

                 

                 

      

                  

                 

                    

             

   
























 







              
   





 

           

          

  \begin {aligned} A &= \cosh {\gamma l}, \\ B &= Z_0 \sinh {\gamma l}, \\ C &= Y_0 \sinh {\gamma l}, \\ D &= \cosh {\gamma l}. \end {aligned} \label {eq:abcd}  

   

   

  

(2.39)

Or, if the line’s S-parameters are known (measured or simulated), we can convert them to the

ABCD-matrix as follows [17, p. 192]

  \begin {aligned} A &= \frac {(1 + S_{11})(1 - S_{22}) + S_{12}S_{21}}{2S_{21}}, \\ B &= Z_0 \frac {(1 + S_{11})(1 + S_{22}) - S_{12}S_{21}}{2S_{21}}, \\ C &= \frac {1}{Z_0} \frac {(1 - S_{11})(1 - S_{22}) - S_{12}S_{21}}{2S_{21}}, \\ D &= \frac {(1 - S_{11})(1 + S_{22}) + S_{12}S_{21}}{2S_{21}}. \end {aligned} 
     




 
     









     





     




(2.40)

Nevertheless, in real systems, multiple TLs are often connected. To calculate the total S-

parameters of such a system, the S-parameters of each TL piece must be measured or sim-

ulated. The measured or simulated S-parameters are then converted to their corresponding

ABCD matrices. The ABCD matrices are then multiplied together to get the total ABCD ma-

trix of the cascaded TLs. Finally, we convert the cascaded matrix to the S-parameters as [17,

p. 192]

  \begin {aligned} S_{11} &= \frac {A + B/Z_0 - CZ_0 - D}{A + B/Z_0 + CZ_0 + D}, \\ S_{12} &= \frac {2(AD - BC)}{A + B/Z_0 + CZ_0 + D}, \\ S_{21} &= \frac {2}{A + B/Z_0 + CZ_0 + D}, \\ S_{22} &= \frac {-A + B/Z_0 - CZ_0 + D}{A + B/Z_0 + CZ_0 + D}. \end {aligned} 
     
     




  

     





     



      
     



(2.41)

There are three important two-port power gains, of which only the operating power gain GP

is independent of the generator impedance Zs. This independence is crucial when the TL

connects a generator (transmitter) to a load (antenna), as it implies the power gain is not

influenced by the variations in the power available from the generator (source). Therefore, we
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can reliably estimate the loss over the TL by calculating the (maximum) operating power gain

GP , which is defined as the ratio of power dissipated in the load (antenna) PL to the power

delivered to the two-port network (TL) Pin , and the inverse of GP gives the loss, as follows

(see Figure 2.7) [17, p. 559]

  G_P = \frac {P_L}{P_{in}}, 



 (2.42)

  \label {eq:loss} \text {Loss} \approx \frac {1}{G_P}. 



 (2.43)

Figure 2.7 illustrates the idea. Using the S-parameters and input/load reflection coefficients,

GP can be written as [13, p. 468]

  \label {eq:gp_c} G_P = \frac {(1 - |\Gamma _L|^2)|S_{21}|^2}{(1 - |\Gamma _{in}|^2)|1 - S_{22}\Gamma _L|^2}. 
    

        
 (2.44)

If the two-port network is perfectly matched at both ends, meaning � in = � L = 0 (no reflections

on both ends), then GP simplifies to

  \label {eq:gp} G_P = |S_{21}|^2.    (2.45)

Equation 2.45 is useful for calculating loss through RF connectors.

2.2 Basic Antenna Parameters

The main function of an antenna [32, p. 56] is to enable the guided radio waves from the

transmission line (in the case of transmitting antennas), allowing them to propagate away from

the antenna structure. The input impedance is a key parameter for characterizing the antenna’s

Vs

Zs

+

�

Pin

Reflected Power

[S]

(Z0)

PL

Reflected Power

+

�

ZL

Figure 2.7. The operating power gain is defined as power delivered to the load divided by the
power delivered to the two-port network.
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input terminals, which act as the interface between the radiated waves and the transmission

line. The presence of nearby antennas can influence the input impedance. However, we will

consider only single-antenna systems to avoid the complexities arising from mutual coupling

between antennas.

2.2.1 Input Impedance

The antenna input impedance [2, p. 75] is the impedance presented by the antenna at its

input terminals, as seen by the TL. Since the TL is connected to the reference point, the ref-

erence point sees the antenna’s transferred input impedance. In this work, the term "antenna

input impedance" will always refer to the antenna’s transferred input impedance. The antenna

impedance is defined as the ratio of voltage to current at its terminals

  Z = R_A+jX_A.       (2.46)

The real part RA represents the power dissipated as loss, while the imaginary part X A repre-

sents the reactive power stored in the antenna’s near-field [36].

The resistive component RA of the input impedance consists of two parts

  R_A = R_r + R_L,       (2.47)

Rr represents the radiation resistance, accounting for power loss through radiation, and RL

represents the ohmic losses within the antenna structure. Typically, ohmic losses are small

compared to the radiation resistance. [2, p. 76] [32, pp. 56-57]

2.2.2 Antenna Efficiency

Antenna efficiency [2, p. 60] describes the performance of an antenna. The total antenna effi-

ciency e0 considers both the reflections at the antenna input, caused by the mismatch between

the generator (reference point) and the antenna input impedance, and the I 2R losses. It can

be written as

  \label {eq:efficiency_ant} e_0 = e_re_ce_d,     (2.48)

where ec and ed represent the conduction and dielectric efficiency, respectively, and er is the

mismatch (reflection) efficiency defined as

  e_r = \left (1-|\Gamma |^2\right ). 

   


 (2.49)
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Since it is difficult to calculate ec and ed, it is more convenient to write equation 2.48 as

  \label {total_to_loss} e_0 = e_{cd}\left (1-|\Gamma |^2\right ),  

   


 (2.50)

where ecd is the antenna radiation efficiency, which is defined as the ratio of power delivered

to the antenna’s radiation resistance Rr to the total power delivered to the sum of the radiation

resistance Rr and the loss resistance RL :

  \label {eq:are} e_{cd} = \frac {R_r}{R_r+R_L}. 


 
 (2.51)

The antenna radiation efficiency is typically expressed in decibels and is measured or simu-

lated.

2.3 Antenna Measurements

This section focuses solely on the transmitter side of the antenna system.

2.3.1 Passive Antenna Measurement

In passive antenna measurements, the antenna is tested in isolation, without activating the

active components of the system. To achieve this, the antenna is placed in an anechoic cham-

ber to minimize interference from nearby objects. For our purpose, the antenna’s reflection

coefficient and efficiency are the key parameters to be measured.

2.3.2 Active Antenna Measurement

In active antenna measurements, the antenna is tested when the active part of the device has

been activated.

EIRP and TRP

Effective Isotropic Radiated Power (EIRP) and Total Radiated Power (TRP) [37] are two of

the parameters used for analyzing the performance of the active antenna. The measured

radiated power of the active antenna in a given direction is called EIRP. Typically, only the

maximum value of EIRP is considered. If we measure, for example, 5 dBm at a distance R
from a theoretical isotropic antenna, and then replace it with a real active antenna, resulting

in a measured output power increase of 5 dB would yield an EIRP of 5 dBm (5 dB above 0

dBm). The radiated power from the active antenna varies with direction; therefore, EIRP also

reflects the antenna’s directivity. [51, p. 254] EIRP is calculated by adding the antenna gain
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to the transmitter’s output power (also known as conductive input power) and then subtracting

the losses in the TL and due to a possible mismatch between the TL and the antenna. It is

expressed as

  \text {EIRP (dBm)} = \text {Conductive Input Power (dBm) + Antenna Gain (dBi) - Loss (dB)}.               (2.52)

If the total loss is a small fraction of a decibel, then it can be neglected [37]. We cannot

estimate the active antenna performance based on EIRP since we can increase the output

power coming from the transmitter and have a low antenna efficiency to get the same EIRP. A

suitable parameter for this purpose is TRP. TRP represents the total power radiated into free

space by the active antenna and is calculated as the integral of EIRP over the surface area of

a sphere written as [51, p. 254]

  \text {TRP} = \frac {1}{4\pi } \int _{\theta =0}^{\pi } \int _{\phi =0}^{2\pi } \left [ \text {EIRP}_{\theta }(\theta ,\phi ) + \text {EIRP}_{\phi }(\theta ,\phi ) \right ] \sin (\theta ) \, d\phi \, d\theta , 











             (2.53)

where EIRP� represents the vertical polarization component of EIRP and EIRP� horizontal

polarization component of EIRP.

2.4 Power Amplifier

A power amplifier (PA) is a device that receives an encoded and modulated low-power RF

signal in the transmitter signal chain, increases its power level without altering its shape, and

then transfers it to the antenna. An important characteristic of the PA is its output power level,

which should be maximized. On the other hand, to prevent the PA from consuming too much

energy, it’s designed to operate at the large-signal regime. Therefore, a trade-off must be made

between non-linearity and power efficiency when designing a PA. [1, p. 1] [25]

Power Amplifier Parameters and the 1-dB Compression Point

The PA’s output power [1, p. 2] is the power delivered to a load at a specific frequency band

  P_\text {out} = \frac {1}{2}\text {Re} \{V_\text {out}\cdot I_\text {out}^*\}, 



   
 (2.54)

and the input power is the power available to the PA at the same frequency band

  P_\text {in} = \frac {1}{2}\text {Re} \{V_\text {in}\cdot I_\text {in}^*\}. 



   
 (2.55)
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Figure 2.8. Power amplifier’s output power behavior versus input power. [13, p. 523]

The PA’s power gain is then

  G = \frac {P_\text {out}}{P_\text {in}}. 



 (2.56)

For small-signal amplifiers, the relation between the input and output power is linear. However,

once the input level reaches a certain value, the output power starts to saturate, indicating that

the amplifier has gone into compression and entered the non-linear region. Once the PA is in

the compression region, it produces harmonics, intermodulation products, and distortion. [7]

As illustrated in Figure 2.8, in the linear region, the output power level increases proportionally

with the input power level. Upon reaching saturation, the amplifier’s gain begins to decrease.

The point at which the output power deviates from the ideal linear value by 1 dB is defined as

the 1-dB compression point. [13, p. 523]

The typical design methodology for RF amplifiers is shown in Figure 2.9, where the amplifier is

connected to the previous and next matching circuit stages. If the device under test (DUT) were

operating in the linear region, we would need to find a suitable source reflection coefficient � S

and load reflection coefficient � L. The S-parameters would be sufficient to maximize the output

power by designing the output matching circuit so that � L = � �
OUT. [34, p. 346] This is the

complex conjugate matching condition. As we are not designing any impedance matching

circuit, we will not further elaborate on matching conditions.

Since we can get the maximum output power from the PA when it is operating in the non-linear

region (near the 1-dB compression point), the S-parameters will no longer provide reliable

results for determining the DUT’s load condition [34, p. 346]. The question now arises: Does the

PA deliver maximum power when matched to 50 
 ? If not, under what load condition does the
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Figure 2.9. Under small-signal conditions, the DUT’s S-parameters are used to design the
matching network to maximize power transfer. [34, p. 346]

PA transfer maximum power? If S-parameters cannot be used to determine the optimum load

condition, what is an alternative method? These questions will be answered in the following

chapter.

Before concluding this chapter, we introduce an intuitive method for calculating TRP using the

conductive link budget shown in Figure 2.10.

Figure 2.10. TRP can be calculated intuitively using a conductive link budget.

To determine the TRP, we perform conductive link budget calculations. The conductive power

refers to the output power of the PA before any losses. However, this power cannot be directly

measured because the PA is integrated into the system. The RF front end introduces losses

through components such as filters, switches, and matching circuits between the PA and the

test connection point on the evaluation board. Additionally, a short TL exists after the RF front

end, introducing additional loss. The accessible measurement point is the test connection

point. Consequently, the power measured at this point will be lower than the actual PA output

power due to losses in the RF front end and the TL. As previously presented, a TL, whose

loss we will calculate, always exists between the test connection point and the antenna. To

calculate the TRP, we first subtract the TL loss from the power measured at the test connection

point. Subsequently, we will add the antenna radiation efficiency (typically expressed as a

negative value to account for antenna loss) to the previous value to yield the TRP. Figure 2.11

illustrates the block diagram of the u-blox LEXI-R10 LTE module. The digital baseband signal
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is processed by the baseband processor and converted to an RF signal by the RF transceiver.

This RF signal is then routed through filters and sent to the PA, which boosts the signal to a

suitable power level. After amplification, the signal passes through additional filtering and the

duplexer before reaching the antenna for over-the-air transmission.

Figure 2.11. The test connection point is the accessible measurement location, which differs
from the actual PA output due to losses in the RF front end. Adapted from [38, p. 6]

2.5 LTE Frequency Bands

In this work, we inspect the performance of the devices in the LTE frequency bands. LTE (long-

term evolution) frequency bands refer to specific ranges within the radio frequency spectrum,

i.e., it utilizes various bands with differing ranges, speeds, and channel capacities. Regulatory

bodies allocate specific frequency ranges for LTE use and divide them into bands. Each band

is identified by a unique number (e.g., band 1) and operates at a specific frequency range. For

example, band 1 operates in the range of 1920 MHz-1980 MHz for the uplink. [8] This work

focuses on lower LTE bands for the selected LTE module. For example, band 12 is a lower

LTE band and is commonly referred to as the lower 700 MHz (SMH) band. The uplink range

is 699 MHz-716 MHz, and the downlink range is 729 MHz-746 MHz. [41] The overall frequency

range of interest is 400 MHz to 4 GHz.
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3. LOAD-PULL MEASUREMENT

In this section, we examine the load-pull system in more detail and analyze the role of each

component in a typical measurement setup.

3.1 Load-Pull Measurement and its Necessity

For a device operating in large-signal mode, its performance depends not only on the frequency

and bias point but also on the input power level and the loading conditions at both the input

and output [34, p. 345]. Since the devices we are aiming to test are integrated circuits with a

fixed bias point, and their input power level and source impedance cannot be adjusted, only the

load conditions and frequency can be manipulated. On the other hand, active RF devices are

usually designed to have an input and output impedance of 50 
 to maximize power transfer

between RF stages. However, this impedance might not be the optimal impedance for the

operation of the PA, which is working in the nonlinear region. As discussed in the previous

chapter, S-parameters cannot be used to find the optimum point. The load-pull method [10,

p. 35] offers an alternative approach involving the following steps:

1. Identify and gather the necessary measurement system components.

2. Calibrate individual components, such as the impedance tuner and power meter.

3. Write the remote control programs for all system components.

4. Assemble the measurement setup and perform a system calibration to correct for errors

arising from cables, connectors, and component imperfections.

5. Integrate the remote control programs and execute the integrated program to perform the

measurements and save the data in an appropriate format.

Load-pull measurements are beneficial for impedance matching circuit design, large-signal

modeling of the nonlinear devices, studying device reliability and failure conditions, etc. [34,

pp. 345-346] The impedance presented to the DUT can be tuned using different methods,

which will be discussed next.
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Figure 3.1. The impedance tuner is the main component in the passive load-pull measure-
ments. Modified from [10, p. 30]

3.1.1 Passive Load-Pull

Figure 3.1 illustrates the passive load-pull principle where the load impedance of the DUT is

pulled using an impedance tuner. The impedance tuner is the key component in the load-pull

measurement that introduces different impedance values at the output of the DUT to find the

optimal matching condition. The optimal point can be found through adjusting the impedance

tuner settings (i.e., changing the reflection coefficient) so that the measured output power Pout

is maximized. [10, p. 29] The power will be measured using a power meter, which will be

introduced shortly. Theoretically, the output power is

  P_\textit {out} = \left |b\right |^2-\left |a\right |^2=\left |b\right |^2\left (1-\left |\Gamma _\text {L}\right |^2\right ),       

   


 (3.1)

where � L = a
b. [10, pp. 29-30] The power measured at the output of the PA is called conducting

power. The impedance tuner can be electromechanical (EMT) or electronic (ETS).

Electromechanical tuner (EMT)

The electromechanical tuner (EMT) consists of a slotted transmission line and a mismatched

element, called a probe, along the transmission line whose movement changes the impedance

by introducing a mismatch to the DUT. In Figure 3.2, the probe is not inside the electric field

of the center conductor of the transmission line (typically a coaxial TL), and subsequently,

changing the probe’s position does not affect the impedance at the load reference plane. [10,

p. 30] By moving the probe vertically, as shown in Figure 3.3, the magnitude of the impedance

Figure 3.2. Moving the probe along the TL changes the impedance. Modified from [10, p. 31]
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seen at the load reference plane will be changed. Moving the probe downward increases the

impedance and vice versa. [10, pp. 30-31]

Figure 3.3. Vertical movement of the probe changes the j� j. Modified from [10, p. 31]

Moving the probe horizontally along the transmission line changes the phase of the reflection

coefficient, illustrated in Figure 3.4. [10, p. 31]

Figure 3.4. Horizontal movement of the probe changes the angle of � . Modified from [10,
p. 31]

The accuracy of the EMT is considered good if the movement resolution of the probe is ex-

tremely small on the order of micrometers. [10, p. 32] In automatic load-pull measurements, a

computer controls the probe movement. Since horizontal probe movement is simpler, a good

practice is to fix the probe’s vertical position and vary its horizontal position. This means that

for a fixed j� j, we sweep through all its angles, allowing us to cover all impedance points on

the Smith chart.

A typical electronic tuner (ETS)

Electronic tuners (ETS) typically change the matching condition by controlling the impedance

of diodes digitally, i.e., by turning them either on (Vdd) or off (Vss). This digital control of diodes

results in a discrete number of impedance states, specifically 2n, where 2 is the number of

diode states (on or off ), and n is the number of diodes. Thus, an ETS with 6 diodes, as

shown in Figure 3.5, will give 64 different impedance states. Since impedance is set discretely,

the tuning resolution is insufficient for high-precision measurements. Consequently, cascading

multiple ETSs is necessary to improve the resolution. [10, p. 33].
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Figure 3.5. A simplified block diagram of an ETS. [10, p. 33]

Scalar Load-Pull

Figure 3.6 shows a typical scalar load-pull setup [31]. It is a traditional method where a scalar

power meter is the key component for measuring power at various frequencies and impedance

points set by the impedance tuner. The measured power corresponds to the power at the power

sensor’s reference plane. By measuring the insertion loss of the connectors between the power

sensor and the DUT, we can de-embed the measured power to the DUT’s reference plane. For

a two-tone signal with significant intermodulation power, a spectrum analyzer (SA) can be

used. For a CW signal, the SA is not necessary. The signal generator’s output is amplified by

the driver amplifier and fed to the circulator. The DUT then receives the signal through the input

coupler and bias Tee. In this typical setup, two impedance tuners are used—one for tuning the

source impedance and the other for tuning the load impedance. Using two tuners is necessary

only when both the source and load impedances need to be tuned simultaneously; otherwise,

a single tuner is sufficient for performing load-pull measurements.

Figure 3.6. A typical scalar load-pull setup. Modified from [24]
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Vector Load-Pull

Figure 3.7 shows a typical vector load-pull setup [31]. This is otherwise the same as the scalar

one, but instead of using a scalar power meter to measure the power, there is a vector network

analyzer (VNA) that measures the forward (a) and reverse (b) waves through the low-loss

coupler connected to the DUT. The system should be calibrated at the DUT reference plane.

Using the measured vectors a and b, we can calculate the key parameters such as output

power, power gain, power added efficiency, etc.

Figure 3.7. A typical vector load-pull setup. Modified from [40]

3.1.2 Active Load-Pull

The active load-pull method [10, pp. 55-57] relies on injecting a signal at the DUT’s reference

plane. The active load-pull allows us to cover the Smith chart completely, extending to reflection

coefficients j� j greater than 1. A closed-loop load-pull consists of a phase shifter, a variable

attenuator, and a loop amplifier, as shown in Figure 3.8. The loop amplifier and attenuator

Figure 3.8. A closed-loop active load-pull method. Modified from [10, p. 57]
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Figure 3.9. An open-loop active load-pull method. Modified from [10, p. 76]

control the reflected wave (a), and the phase shifter adjusts its phase. Together, they emulate

the load reflection coefficient � L at the output of the DUT. The circulator directs the incident (b)

and reflected (a) waves appropriately. � L = a
b, which equals the complex gain G of the loop.

The magnitude of j� j is proportional to G and is adjusted by carefully setting the attenuator and

loop amplifier gain. The phase of � depends on the phase shifter’s setting. With a properly

adjusted loop gain (G), the synthesized � L can exceed 1 (achieving high reflection coefficients).

However, higher G increases the risk of oscillation. To avoid possible oscillations, � L should be

kept below 1, either by reducing the loop amplifier’s gain below the circulator’s isolation or by

adding an isolator [10, p. 63] in the feedback loop. The open-loop method is illustrated in Figure

3.9, where a separate source generates the reflected wave (a) and is locked to a common 10

MHz clock to maintain the phase coherence between the reflected and transmitted waves.

Similar to closed-loop active loop-pull, the attenuator and phase shifter control the magnitude

(j� j) and phase of the reflection coefficient. An Isolator is used to protect the loop amplifier

from damage. [10, p. 76]

3.1.3 Passive and Active Load-Pull Comparison

Next, we compare the passive and active load-pull methods to determine which method best

fulfills our needs.

Impedance Tuning Range

The impedance tuning range refers to the tuner’s capability to produce the desired reflection co-

efficient. This is a key property in high-power applications where the optimal output impedance

tends to be low, situated near the left edge of the Smith chart. Passive tuners are appropri-

ate for producing the reflection coefficients in the central region of the Smith chart, but cannot

reach reflection coefficients near the edge of the Smith chart. In contrast, active tuners show a

better ability to produce reflection coefficients near the border of the Smith chart, making them

a better choice for high-power device design. [10, p. 19]
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Frequency Range

The suitable frequency range depends largely on the user’s requirements. In passive load-pull

systems, the frequency range is limited by the impedance tuner’s operating frequency range,

which also influences the physical size of the tuner. Tuners with a lower minimum operat-

ing frequency f min have a larger physical size. [14] Consequently, covering lower frequencies

becomes more challenging and costly. Active load-pull systems do not utilize an impedance

tuner; instead, their frequency range is limited by the operational capabilities of other system

components at low and higher frequencies.

Tuning Speed and Resolution

Tuning speed refers to how quickly the system can transition between different impedance

points. Tuning resolution, on the other hand, describes how fine the system can generate the

impedance points, i.e., the ability to transition between two closely spaced impedance points.

[10, p. 20] Passive load-pull offers high resolution, whereas active load-pull provides faster

tuning.

Repeatability

Repeatability [10, p. 19] applies only to the impedance tuner in passive load-pull systems. It

refers to the variation in the measured reflection coefficients between at least two impedance

tuner settings, with the probe adjusted to the same vertical and horizontal position. To measure

the repeatability, the impedance tuner is set to a specific vertical-horizontal point, and the

reflection coefficient is measured. Subsequently, the impedance tuner is re-adjusted to the

same point, and the reflection coefficient is measured again. The repeatability (S11)repeatability is

  \label {eq:repeatability} (S_{11})_{\text {repeatability}} = 20 \cdot \log \left | (S_{11})_{\text {measured}} - (S_{11})_{\text {memory}} \right |,          (3.2)

where (S11)memory is the measured reflection coefficient for the first time and (S11)measured for

the second time. The higher the repeatability (e.g., as low as –50 dB in reflection coefficient

variation), the more reliable the tuner. In active LP systems, the repeatability is not an issue

since electronic systems can produce consistently identical results across repeated trials.

Cost

Cost is a critical factor when comparing different load-pulling methods. We must sum the costs

of all the necessary system components and evaluate the return on investment (ROI) to assess

the system’s profitability. The ROI is calculated as [12]
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  \texttt {ROI} = \frac {\text {Gain from Investment} - \text {Cost of Investment}}{\text {Cost of Investment}} \times 100\%. 
     

 
  (3.3)

The ROI indicates the profitability of a purchase. Based on quotes from Maury Microwave [15]

and Focus Microwaves [14], a new automated impedance tuner typically costs between 30 k$

and 45 k$. For smaller organizations, buying such an expensive instrument might not result in a

good ROI, since the system might not be used regularly at the beginning. However, purchasing

a used or refurbished tuner at a considerably lower price (around 3 k$) can be a profitable

option. To assist with the purchase decision, a comparison of different types of impedance

tuners has been provided in Table 3.1.

Table 3.1. Comparison between different impedance tuners. Information has been gathered
from Maury [15] and Focus Microwaves [14] websites.

Condition Freq. range (GHz) Price ($) Speed / Step size (probe)(\mu in) Matching range Power handling

Min, Typ. (CW, W)

FM C1804 New 0.4 – 18 41k Fast 30:1, 40:1 427

FM C806 New 0.6 – 8 39k Fast 50:1, 80:1 93

MM XT981BL18 New 0.4 – 8 35k 7.8 10:1, 25:1 250

MM MT982E + Controller Used 0.8 – 8 2k 7.8 15:1, 25:1 50

MM MT981B + Controller Used 0.4 – 4 2.7k–3k 62.5 15:1, 25:1 100

To select the most suitable option when establishing a system for the first time, a comparison

of passive and active load-pull systems is provided in Table 3.2, based on the information pre-

sented in this chapter. In engineering design, it is important to prioritize the simpler, functional

system over one that is complex and not operational. The initial system setup cost should

be reasonable. Additionally, the system must meet the required specifications such as tuning

speed (changing between two � points), tuning range (achieving high � values), result relia-

bility (setting reliably to the desired � value), and the necessary frequency range (in our case

400 MHz to 4 GHz). The system must operate within the lower band LTE frequencies, given

the complexities of antenna design at these frequencies.

Since the PA is unlikely to work efficiently near the edge of the Smith chart, a maximum reflec-

tion coefficient of 0.8 to 0.9 is sufficient. However, the resolution must be considerably high to

avoid missing the optimum point due to low resolution. Although faster tuning would be benefi-

cial, it is not critical, as the system can run for several days. For our initial setup, an inexpensive

and easy-to-build system is the most suitable option. Considering these factors, a passive LP

is the best choice for our needs, particularly for identifying the impedance point that maximizes

antenna TRP.

3.1.4 Additional Load Pull Methods

Other load-pull methods will be covered briefly.
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Table 3.2. Comparison of passive and active load-pull systems

Characteristics Passive Active

Impedance tuning Range � High Low

Tuning Resolution High Low

(� Load )min No limitation Limited

(� Load )max < 1 > 1

Adjustment of � Load Slow Fast

Oscillations possibility Low High

Costs Medium High

System complexity Medium High

Hybrid Load-Pull

Active and passive load-pull methods each have their own advantages and disadvantages.

To overcome these limitations and use the benefits of both systems, a hybrid method [35]

combining them can be implemented. For instance, the setup shown in Figure 3.10 can be

built to achieve impedance points near the edge of the Smith chart while having a good tuning

resolution. Initially, the amplifier and synthesizer are off, and the impedance tuner is set to a

fixed impedance point, providing the initial impedance to the output of the DUT (pre-matching).

The impedance is then controlled electronically by appropriately adjusting the amplifier and

synthesizer.

Figure 3.10. A typical hybrid load-pull setup. Modified from [35]

Wideband Modulated Load-Pull

Wideband modulated load-pull [22], as shown in Figure 3.11, is a method to verify PA perfor-

mance when connected to an antenna. Consequently, this method is also suitable for estimat-

ing the active antenna’s performance. The vector signal generator produces the modulated

signal, and the oscilloscope measures the DUT’s performance. Even though we aim to es-
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timate the performance of an active antenna, this method is nevertheless not suitable as a

starting point due to the need for precise timing and high phase accuracy.

Figure 3.11. A typical modulated load-pull method. [22]

3.2 Typical Automated Passive System Components

Besides the impedance tuner, the following components may be required for passive load-pull

measurements:

• DC Power Supply

• Signal Generator

• Circulator

• Bias-T

• Vector Network Analyzer (VNA)

• Power meter (PM) and power sensor, and

• DUT

These components are described below.

DC Power Supply

This component provides the necessary DC voltage for the DUT to operate correctly. It is

required only if the DC voltage is not supplied by other means. If the DUT is an integrated

circuit, the DC power is typically provided by the evaluation board, typically connected to a

computer via USB.
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Signal Generator

An RF signal generator is required if the DUT is not an integrated circuit. However, for in-

tegrated circuit DUTs mounted on an evaluation board, the DUT’s output is controlled by a

computer. Further details will be provided in the next chapter.

Circulator

The circulator [17, pp. 318-319] is a non-reciprocal three-port network, which means its S-

parameters satisfy Sij 6= Sji. Additionally, all ports are matched, resulting in Sii = 0 . The

S-parameters for such a device are given by

  \label {eq:matrix} [S] = \begin {bmatrix} 0 & S_{12} & S_{13} \\ S_{21} & 0 & S_{23} \\ S_{31} & S_{32} & 0 \end {bmatrix}. 





 

 

 




 (3.4)

For a lossless network (the circulator), the S-matrix must be unitary. According to the unitary

condition [42], we will have the following condition

  S_{31}^{*} S_{32} &= 0, \label {eq:maina} \\ S_{21}^{*} S_{23} &= 0, \label {eq:mainb} \\ S_{12}^{*} S_{13} &= 0, \label {eq:mainc} \\ |S_{12}|^2 + |S_{13}|^2 &= 1, \label {eq:maind} \\ |S_{21}|^2 + |S_{23}|^2 &= 1, \label {eq:maine} \\ |S_{31}|^2 + |S_{32}|^2 &= 1. \label {eq:mainf}
   


   


   

     

     

      (3.5f)

By analyzing equations 3.5 and solving for the circulator’s S-parameters, we obtain two possible

solutions. The first solution is

  \label {eq:circ1} [S] = \begin {bmatrix} 0 & 0 & 1 \\ 1 & 0 & 0 \\ 0 & 1 & 0 \end {bmatrix}, 





 

 

 




 (3.6)

which describes a circulator where the power entering port 1 is perfectly transmitted to port 2,

power entering port 2 is directed to port 3, and power entering port 3 is transmitted to port 1.

No other direct transmission occurs between ports. For example, a signal cannot go from port

3 to port 2 since the corresponding S-parameter, S23, is zero. The other solution is
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  \label {eq:circ2} [S] = \begin {bmatrix} 0 & 1 & 0 \\ 0 & 0 & 1 \\ 1 & 0 & 0 \end {bmatrix}, 





 

 

 




 (3.7)

which describes a circulator that enables power to flow in the reverse direction compared to the

previous case. The circulator is nonreciprocal, meaning power flows in a specific direction and

is attenuated in the reverse direction. This property is crucial for isolating sensitive components

from reflected signals.

Bias-T

A bias-T is a three-port network consisting of either a capacitor and an inductor, or TLs. For

a bias-T built with lumped components, the inductor injects a DC signal onto the main signal

line (similar to an RF choke, which blocks RF signals while allowing DC to pass [6]), while the

capacitor couples the RF signal onto the same line. Therefore, a bias-T is used to combine DC

and RF signals. [16] A typical configuration is shown in Figure 3.12.

Figure 3.12. A basic structure of a bias-T. Modified from [16]

In typical load-pull methods, a bias-T is used to supply the necessary DC voltage and current

to the DUT, particularly in the case of a discrete transistor, while simultaneously applying an

RF test signal. Additionally, a bias-T can be used to separate DC and RF components when

inspection of the RF signal is required, for example, using a spectrum analyzer. [20]

Vector Network Analyzer (VNA)

The key instrument in all RF measurements is the network analyzer. There are two main types:

the scalar network analyzer (SNA), which measures signal magnitude, and the vector network

analyzer (VNA), which measures both magnitude and phase.

A VNA [30] is an instrument used to characterize RF networks, such as amplifiers and filters.

It possesses an internal RF source, a switch to route the signal between ports, directional cou-
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plers to separate incident and reflected waves, and receivers to measure the signals coming

from the DUT. In this thesis work, the VNA was mainly used by the thesis supervisor to char-

acterize the impedance tuner and measure the insertion loss of connectors. The VNA block

diagram is shown in Figure 3.13. [21, p. 9]

Figure 3.13. Block diagram of the internal structure of a VNA. [21, p. 9]

3.2.1 Power Meter and Power Sensor

Measuring RF power requires a power meter (base unit) and a power sensor. The power meter

itself does not measure power; it only displays the measurement taken by the power sensor.

A power meter can have two channels, allowing the connection of two sensors. Hereafter, this

combination is referred to simply as a power meter. The power meter can be manually con-

trolled using the interface on its front panel. For example, to measure the output power at a

specific frequency, we would manually set that frequency on the power meter. However, this

manual process is too slow, making remote control of the power meter necessary. By imple-

menting remote control, the following operations can be automated: resetting and calibrating

the power meter, setting the frequency, setting the measurement mode, fetching the power,

and recording it in a suitable text file. In remote control mode, these tasks can be executed

rapidly.

Remote Control of Power Sensor

To enable remote control, a power meter typically includes a USB or GPIB (General Purpose In-

terface Bus) interface for connecting to a computer. The commands required for remote control

of the power meter follow the SCPI (Standard Commands for Programmable Instruments) stan-

dard, which provides a standardized interface language between the device and the computer.

The syntax uses ASCII text and can be implemented using various programming languages,

such as Python. [9][19]
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Remote control of the power meter is implemented as specified in the power meter’s operating

manual [19]. It is considered good practice to reset the power meter to its default parameters

prior to performing any other operations. Resetting can be performed as

*RST

To ensure accurate results, the power meter must be zeroed (also known as zero-offset). Ze-

roing requires that the input power to the power meter be zero. This can be achieved either by

disconnecting the power sensor from the base unit or by turning off the power source. Other-

wise, the zeroing process will fail. Once these conditions are met, the zeroing function can be

executed. [23] The command for zeroing the power meter is

CALibra t ion :ZERO:AUTO ONCE

To protect the power meter from high power levels, it may be necessary to use an attenuator, as

directly connecting the power meter to the impedance tuner may damage it due to high power

levels from the DUT. To compensate for this attenuation, a level offset is applied to represent the

difference between the power at the impedance tuner output and the reduced power measured

by the power meter after the attenuator. The level offset is set as

SENSe: CORRection : OFFSet : STATe ON

SENSe: CORRection : OFFSet [ ? ]

The first line activates the offset correction, while the second line specifies the offset level value.

The [?] should be replaced with the necessary offset value in dB. The frequency can be set as

SENSe: FREQuency [ ? ]

The placeholder [?] will be replaced with the desired frequency in Hz. After setting these

parameters, the measurement mode must be configured. The measurement mode will be

Continuous Average. In this type of measurement, the average power of the signal is measured

over fixed sampling windows. The number and duration of these sampling windows also need

to be defined. This is done as

ins t rument . w r i t e ( ’SENSe:AVERage :COUNt :AUTO OFF ’ )

ins t rument . w r i t e ( ’SENSe:AVERage :COUNt 20 ’ )

ins t rument . w r i t e ( ’SENSe:POWer:AVG: APERture 20.0e−3 ’ )

ins t rument . w r i t e ( ’ I N I T i a t e : CONTinuous ON ’ )

In these commands, first, automatic averaging was disabled, and the count was set to 20. Next,

the sampling window size was set to 20 ms. Finally, the measurement process was initiated.

3.3 Suitable Data Storage Type for Load-Pull Measurements

Out of many data storage types, we will only go through HDF5 and Generic MDIF types.
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HDF5

Hierarchical Data Format (HDF) [46] [11] is a file format designed for saving and organiz-

ing large datasets. Supported by many programming languages, it provides libraries and

command-line utilities. An HDF viewer is also available. A key feature of HDF5 is its ability

to store n-dimensional data, where each element can be potentially a complex object. The

ease of sharing, accessibility, and lack of limitation on the data size make the HDF5 format a

strong choice for saving load-pulling data.

Generic MDIF

The Measurement Data Interchange Format (MDIF) [33] is primarily used in RF electronics to

save data such as S-parameters. It can also serve as a data library for various components.

The generic MDIF [3] is a standard MDIF format that brings together different specific MDIF

formats. This helps solve some issues with other formats. Because it’s a common format, many

applications can use a consistent method to read and write data that has multiple independent

and dependent variables.

In this work, data is stored in the generic MDIF format.

3.4 Setting Up Our Load-Pull Measurement System

The system components introduced in this chapter are needed when using a bare amplifier as

the DUT. However, not all components are required, since our DUTs are ICs mounted on an

evaluation board.

3.4.1 Setup overview

As illustrated in Figure 3.14, an automated scalar load-pull system consists of an impedance

tuner—its main component with a frequency range of 400 MHz-4 GHz—used to present a de-

sired impedance at the DUT output. The impedance tuner is connected to the DUT via a coaxial

cable. Since the PA is on-chip and its source is inaccessible, we assume a matched source

impedance of 50 
 with no input reflections or power loss. Therefore, we use only one remote-

controlled impedance tuner connected to the evaluation board’s test connector to adjust the

load impedance of the DUT.

The automated power meter and the power sensor collectively form the power measurement

block. This block, which is connected to the impedance tuner via an N-to-SMA connector

operating over a frequency range of 10 MHz-8 GHz, measures the output power of the PA and

sends the results to the computer. To prevent exceeding input limits and protect the power

measurement equipment, an attenuator is inserted between the impedance tuner’s output and

the power sensor. The connector and attenuator together introduce approximately 20 dB of
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Figure 3.14. The block diagram of the measurement setup.

attenuation. However, before assembly, the precise attenuation is measured using a VNA and

de-embedded from the measured output power.

Control signals are sent to the DUTs using either Attention (AT) commands for LTE modules

or Direct Test Mode (DTM) for Bluetooth modules. The communication between the computer

and system components is established via the Universal Asynchronous Receiver-Transmitter

(UART).

3.4.2 Asynchronous Serial Communication

In this type of communication, data is transmitted and received serially without requiring a

clock signal [43]. As shown in Figure 3.15, the bit stream is synchronized using the start and

stop signals before and after each data frame. A universal asynchronous receiver-transmitter

(UART) is a device designed for asynchronous serial communication. UART sends the data

bits one by one upon observing a start signal and ends the transmission when detecting a stop

signal. For UART to function correctly, the following parameters must be configured according

to the module specifications [49]

• Baud rate

• Parity bit

Figure 3.15. An example of asynchronous serial data bits. [43]
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• Data bits size

• Stop bits size

• Flow control

Baud

This is a common measurement unit for symbol rate. Proper adjustment of the baud rate

ensures correct communication speed. For different LTE or Bluetooth modules, the baud rate

is different. [44]

Parity bit

This is used to detect parity errors in the transmission channel. If a parity error is observed,

the entire data packet is discarded, and communication with the instrument will fail. [48]

Flow control

Flow control manages data transmission between a transmitter and receiver operating at differ-

ent speeds. Having a node that receives and processes the data much slower than the node

that sends the data necessitates the use of flow control. [45]

The Python package PyVISA will be used to establish connections with the DUT and other

instruments by configuring UART settings and sending control commands to the instruments.

[18]
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4. RESULT AND ANALYSIS

The load-pull measurement setup was introduced at the end of the previous chapter. In this

chapter, we will go through the DUT and explain how to make it remote-controlled. The following

module is selected for study:

• LTE Module: Nordic Semiconductor nRF9160

This case study will proceed as follows: Initially, the DUT will first be examined independently,

without connection to the impedance tuner. This initial study will involve examining the DUT’s

RF modules to determine its critical maximum ratings, to ensure it is not damaged during test-

ing. Subsequently, the DUT will be programmed to enable its remote control. The output power

will fluctuate depending on the module’s temperature; therefore, in this work, an appropriate

settling time is determined. The impedance tuner characterization and remote control are be-

yond the scope of this work. Once all devices are successfully configured for remote control,

the DUT, impedance tuner, and power meter will be connected according to the configuration

shown in Figure 3.14. Finally, the system will be configured, and the transmitted (Tx) power will

be automatically measured and recorded.

4.1 Case Study: LTE Module

In this study, we focus exclusively on the Nordic Semiconductor LTE cellular IoT System-in-

Package (SiP) module, the nRF9160. This module is an embedded LTE modem compliant with

3GPP LTE Release 13, supporting both Cat-M and Cat-NB [26]. These categories are part of

the low-power wide-area network (LPWAN) technologies developed under 3GPP specifications

to support the Internet of Things (IoT) ecosystem [50]. The module can be used, e.g., in smart

energy, medical devices, and wearable applications. [26, p. 2]

4.1.1 Key RF Parameters

The nRF9160 module has been mounted on the nRF9160 DK evaluation board for which the

LTE modem block diagram is shown in Figure 4.1 [26, p. 424]. The LTE modem is connected

through a PA and RF switch to the antenna. In our case, the single-ended ANT-LTE pin will

be connected to the impedance tuner. The modem is compatible with LTE bands ranging from

700 MHz to 2.2 GHz [26, p. 425] and will be tested on the LTE 700 MHz bands. Table 4.1
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Figure 4.1. LTE module’s block diagram. The impedance tuner will be connected to the LTE
antenna connection point. [26, p. 424]

shows the supported and tested bands. The maximum input level to the ANT-LTE pin is 10

dBm. However, we are not concerned with the maximum input level, as we will only adjust

the Tx power without needing to manually adjust the input power. The maximum deviation

from 50 
 is 10:1 (VSWR) [26, p. 518]. The minimum and maximum output powers for both

system modes are -40 dBm and +23 dBm, respectively [26, p. 429]. Since our testing focuses

on the maximum output power of +23 dBm (approximately 200 mW), the module may exhibit

unstable output power. High output power generates more heat, causing thermal stress on the

PA. Additionally, delivering 200 mW of RF output requires substantially more input power due

to efficiency losses; an unstable or insufficient power supply can then lead to voltage drops,

Table 4.1. Nordic Semiconductor nRF9160 module’s supported and tested bands [26, pp. 428-
429].

Modem Supported Bands Tested Bands

Cat-M1 B1, B2, B3, B4

B5, B8, B12, B12, B13,

B13, B18, B19, B28

B20, B25, B26,

B28, B66

Cat-NB 1 / B1, B2, B3, B4

Cat-NB 2 B5, B8, B12 B12, B13,

B13, B17, B19, B28,

B20, B25, B26,

B28, B66
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current limitations, and unstable output. Therefore, we will need to determine a settling time

after which the output power is stable.

4.1.2 AT Client Sample

The AT client sample enables asynchronous serial communication with the Nordic LTE Module

over the UART. By using AT commands, the LTE-M/NB-IoT modem on the nRF91 series device

can be controlled, for example, by activating the module’s RF transmitter. [27] When activating

the RF transmitter, it is important to ensure that the module does not transmit on licensed

frequency bands. This can be ensured by, for example, connecting the module to a power

meter.

TX test %XRFTEST

To enable the RF transmitter, the %XRFTESTcommand [29] should be used—for example, via

PyVISA, after which the power meter measures the Tx power. Based on Nordic Semiconductor

production test commands [28], the following steps should be taken to enable and configure

the RF transmitter:

1. Serial connection setting: Appropriate serial settings must be configured to establish

a connection to the device. The following setting is needed to connect to the Nordic LTE

module:

ins t rument . baud_rate = 115200

ins t rument . p a r i t y = constants . P a r i t y . none

ins t rument . s t o p _ b i t s = constants . S topBi ts . one

ins t rument . da ta_b i t s = 8

ins t rument . f l o w _ c o n t r o l = constants . Contro lF low . none

2. System mode: The system mode must be adjusted using the AT command %XSYS-

TEMMODE as follows:

%XSYSTEMMODE=<LTE_M_support > ,<NB_IoT_support > ,

<GNSS_support> ,<LTE_preference >

The first three parameters define if the module supports the LTE-M, NB-IoT (Narrow-

band Internet of Things), and GNSS (Global Navigation Satellite System) modes. By

setting the parameters to 1, the aforementioned system modes are supported. How-

ever, the key parameter is <LTE_preference>. If LTE-M and NB-IoT are supported,

setting <LTE_preference> to 1 or 2 will make the system preference LTE-M or NB-IoT,

respectively.

3. Turning RF transmitter on: After establishing a connection to the device, we can switch

the RF transmitter on by using the AT command %XRFTEST:
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%XRFTEST=< tes t > ,< operat ion >[ , <param0>,<param1> , , <param10 >]

To put the RF transceiver into transmitting mode, we just set <test> to 1. Setting

<operation> to 1 will turn on the RF transmitter. After selecting the desired LTE band,

we set <param0>to the band number, for example, band 12. The transmitter frequency

can be configured by setting <param1>equal to the frequency. For example, setting

<param1>to 7000 will configure the transmitter to work at 700,0 MHz. Another important

parameter to configure is the TX power at the LTE antenna pin, which will be connected

to the tuner. The transmitting power can be adjusted by setting the desired power level

(+23 dBm to -40 dBm in the case of the nRF9160 module) to the <param2>. The system

mode should be chosen between NB-IoT (by setting <param3>to 0) and LTE-M (by set-

ting <param3>to 1). Next, the modulation type will need to be selected. In this work, we

will only transmit a Carrier Wave (CW) by setting <param4>to 4. By selecting the CW, the

parameters <param5>,<param6>, and <param7>are skipped. By setting <param8>to 1

or 3, the system bandwidth will be set to 1.4 MHz or 5 MHz, respectively. The parameter

<param9>determines the narrowband index, and <param10>the Tx burst mode. Since

we will transmit in CW mode, the parameter <param10>must be set to 0 to disable burst

mode.

4. Turning the RF transmitter off Before changing the previous configuration, we must

turn the RF transmitter off by setting <test> to 1 and <operation> to 0. Otherwise,

further testing with the DUT cannot be performed.

Settling Time

After turning on the RF transmitter and configuring it to a specific Tx power, the output power

initially jumps to values exceeding the configured level (without the impedance tuner connected

to the ANT-LTE pin). Nevertheless, over time, the output settles down and reaches a steady-

state value. During the transient time, the power meter should wait and refrain from the Tx

power measurement until it stabilizes. To find a reliable settling time, this was initially done for

a long period (3000 s) with the same settings (same frequency and same TX power) multiple

times. Figure 4.2 shows the Tx power (+23 dBm) versus time at a frequency of 715 MHz. In

some cases, the output power decreases at an extremely slow rate, and it appears not to reach

a steady state. However, in some cases, the output power stabilizes more quickly. The behavior

of the Tx power behavior is temperature-dependent. When the module is cold, the Tx power

decreases rapidly and does not reach a steady state. Conversely, when the module is warmed

up, the output power reaches the steady state quickly, as shown in Figure 4.3.

Nevertheless, these measurements were conducted over an extended duration, and in the

actual load-pull measurements, such long wait times would be impractical. Therefore, a trade-

off arises between the accuracy of the measured output power and the measurement speed.

In the measurements with a cold module, the measured values range from 22.875 dBm to
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Figure 4.2. Tx power measurement when the module is not at a steady-state temperature
(typically 37 °C).

22.725 dBm after a 3-minute delay. With a 50-minute delay, the measured values range from

22.79 dBm to 22.47 dBm. In the best-case scenario, the error is approximately 3.4 % (a 0.15-

dB difference), while in the worst-case scenario, it reaches approximately 7.1 % (a 0.32-dB

difference).
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Figure 4.3. Tx power measurement when the module’s temperature has reached 37 °C.

In the measurements with a warmed-up module, as shown in Figure 4.3, the measured values

range from 23.124 dBm to 23.020 dBm after a 3-minute delay. With a delay of approximately

33 minutes, the measured values range from 23.055 dBm to 23.002 dBm. In the worst-case

scenario, the error is approximately 2.37 % (a 0.104-dB difference), and in the best-case sce-
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Figure 4.4. The integrated program flow chart.

nario, it is around 1.21 % (a 0.053-dB difference). Although the error magnitude is relatively

small in both cases, since we are aiming to increase the TRP by as much as 1-3 dB, it is best

to warm the module up before conducting the actual measurements until the module reaches

a temperature of 37 °C,based on tests.

4.1.3 Flowchart of the Measurement Setup Process

Now that all system components are remote-controlled, we will integrate them with their corre-

sponding remote-control scripts. The workflow of the integrated program is illustrated in Figure

4.4. The program will execute the following steps:

1. Power Meter Connection:

• Verify successful connection.

• Perform power meter calibration.

2. Impedance Tuner Connection:
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• Verify successful connection.

• Perform initial tuner configuration and initialization.

3. DUT Connection:

• Verify successful connection.

• Prompt the user to input the desired transmit power.

• The desired frequencies are provided as a parameter in the program.

4. Frequency Sweep:

• Configure the transmitter to the current frequency and power level.

• Set the power meter to the current frequency.

5. Gamma Point Sweep (Smith Chart):

• Configure the impedance tuner to the next � point.

• Measure and record the output power.

• Repeat until all � points have been evaluated.

6. Frequency Iteration:

• If not all desired frequencies have been tested, return to step 4. Otherwise, the

program terminates.

4.2 Constant Output Power Contours

Load-pull measurements on the LTE module enabled the generation of constant output power

contours. These contours, plotted on the Smith chart, visually represent impedance points that

produce identical output power levels. By analyzing these contours, impedance points that

maximize the PA’s output can be identified. Measurements were conducted at the following

frequencies: 709 MHz, 714 MHz, 719 MHz, 724 MHz, and 729 MHz.

The initial results, shown in Figures 4.5, 4.6, and 4.7 exhibit discontinuities in the yielded con-

tours, making them inaccurate. Contours are typically expected to be smooth, continuous, and

closed curves, indicating a gradual, rather than abrupt, change in the PA’s output power as

the load impedance changes. Such abrupt variations are not characteristic of the PA’s output

power behavior, indicating that the system needs fine-tuning. The possible reasons for this

result could be:

• Unstable DUT Behavior: The LTE module’s internal temperature significantly impacts

its output power stability. Although the measurement code was designed to start testing

only after the module reached 37 °C(steady-state temperature), this might not have been

achieved in practice. If the module didn’t reach this stable temperature, its output power

would fluctuate considerably, leading to the observed instability in the contour plots.
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Figure 4.5. Measured constant output power contours of the LTE module at 704 MHz and
709 MHz. The marked point indicates the maximum output power and corresponding reflection
coefficient, representing the optimal impedance.
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Figure 4.6. LTE module’s measured constant output power contours at 714 MHz and 719 MHz.

• Exceeding VSWR Limits: The LTE module has a specified maximum deviation from 50


 of 10:1 VSWR (j� j = 0 :82). However, we deviated the module’s output to 19:1 VSWR

(j� j = 0 :9) and it has likely pushed the module beyond its stable operating limits.

• Instrument Calibration Issues: Although less likely, calibration errors in instruments

like the power meter may have contributed to the observed discontinuities.
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Figure 4.7. LTE module’s measured constant output power contours at 724 MHz and 729 MHz.

A more significant issue encountered was the failure of the impedance tuner. The impedance

tuner stopped working at a critical moment, preventing us from finding the root cause of the

inaccurate results. However, the issue can be mitigated through linear regression squares

(LLS) [47], which is the principle of least squares to fit linear models to observed data. Applying

linear regression to the contours smooths them and removes discontinuities. This approach

gives a more accurate representation of the PA’s behavior.
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Figure 4.8. Output power contours for the LTE module at 704 MHz and 709 MHz, modeled
using linear regression to represent constant power levels.
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Figure 4.9. Output power contours for the LTE module at 714 MHz and 719 MHz, modeled
using linear regression to represent constant power levels.

As Figures 4.8, 4.9, and 4.10 illustrate, the maximum output power varies only slightly across

the examined frequencies. It moves from 24.11 dBm at � = � 0:25 + j 0:32 (at 704 MHz) to

24.31 dBm at � = � 0:35 + j 0:19 (at 729 MHz). This corresponds to a minor 0.2 dB variation

in output power, while the real part of � changes by 0.1.

(a) 724 MHz (b) 729 MHz

Figure 4.10. Output power contours for the LTE module at 724 MHz and 729 MHz, modeled
using linear regression to represent constant power levels.
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