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Abstract 
In the next-generation wireless cellular communication systems known 

as 5G, radio equipment will be deployed in several frequency bands, 

among them is the millimeter wave bands (26 - 40 GHz). The use of these 

high frequencies can help to mitigate the limited spectrum problem and 

higher data rates can be achieved. For 5G millimeter wave radios, due to 

a small area of cells, the number of distributed units will always be high. 

These technological advances have resulted in smaller and cheaper 

broadcast stations or radios, however, for these small cellular radios and 

Advanced Antenna System (AAS), the efficiency and performance of the 

Power Amplifier (PA) are of significant concern for designers and 

operators of the systems. The two proposed solutions in this thesis work 

consist of the study of PA modelling and the use of the active load-pull 

modulation. As a result, signal components of each PA output are split 

into a MIMO (Multiple Input Multiple Output) configurations and then 

follow the development of an algorithm, to extract the transmitted and 

reflected signals from active load-pull modulation with different 

calibration procedures. The extracted data is used to develop a dual-input 

PA model which could be potentially applied in the MIMO DPD (Digital 

Predistortion) in further studies. The proposed analyses are tested in a lab 

and simulation environment. The load-pull measurement results could 

extract transmitted and reflected signals and they have been used to 

create the dual input PA model with NMSE of less than -42dB. 

 

Keywords: Advanced Antenna System (AAS), Power Amplifier (PA), 

Digital Predistortion (DPD), Active load-pull, Calibration. 
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Terminology 
AAS               Advanced Antenna System 

ACLR           Adjacent Channel Leakage Ratio 

AM-AM      Amplitude to Amplitude 

AM-PM    Amplitude to Phase 

CALP Correlated Active Load-pull  

DC                Direct Current 

DPD             Digital Pre-Distortion 

DUT            Device Under Test 

E-Cal Electronic calibration  

GMP Generalize MP  

IoT                 Internet of Things 

LRM Line-Reflect-Match  

LTE          Long Term Evolution 

LUT             Lookup Tables 

MIMO           Multiple Input Multiple Output 

MP Memory Polynomial 

NMSE         Normalized Mean Squared Error 

PA                Power Amplifier 

PAE             Power Added Efficiency 

PLP Passive Load-pull  

RF                 Radio Frequency 

SG          Signal Generator 

SISO            Single Input Single Output 

SOLR Short Open Load Reciprocal  

SOLT Short-Open-Load-Through  

S-parameters  Scattering Parameters 

TRL 

TX 

Through-Reflect-Line  

Transmitter 

UCALP Uncorrelated Active Load-pull  

VNA            Vector Network Analyzer 

VSA      Vector Signal Analyzer 
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1 Introduction 
In the next generation of wireless cellular communication systems known 

as 5G, equipment will be deployed at millimeter-wave frequency bands 

(26 - 40 GHz). A smart antenna is an interesting research area since the 

past decades, e.g. Advanced Antenna System (AAS), which by definition 

is an antenna system that uses a set of antennas along with the processor, 

whose radiation pattern can be adjusted for the target user [1] . For 5G 

millimeter-wave radios due to a small area of cells, the number of 

distributed units will always be high. The use of these high frequencies 

can help mitigate the limited spectrum problem and higher data rates can 

be achieved [2] . These technological advances have resulted in smaller 

and cheaper broadcast stations or radios, however, for these small cellular 

radios and AAS, the efficiency and performance of the Power Amplifier 

(PA) is a significant concern for designers and operators of the system.  

1.1 Background and Problem Motivation 

PAs are one of the essential building blocks of a wireless communication 

systems transmitter. It is also power-hungry and has a serious impact on 

the overall efficiency of the wireless system. Hence, designers have a big 

challenge to design PAs which must be highly efficient and have good 

linear behavior at the same time. Current systems in cellular/ mobile 

design use complex modulation schemes and multiple access techniques 

such as orthogonal frequency-division multiplexing for better efficiency, 

but this also causes nonlinear behavior in the PA that creates spectrum 

regrowth which distorts the signal and may violate regulations such as 

spectrum masks. There exist many techniques to avoid these nonlinearity 

impairments. Digital Predistortion is one of these techniques, it uses 

several models such as the Volterra model in nonlinear memory [3] . 

However, for the Multiple Input Multiple Output systems, with the large-

source and intended tangle routing, another problem of Radio Frequency 

system becomes significant; such a problem is cross-talk, which leads to 

more signal distortion added on top of the distortion caused by single-

chain PA. 

The motivation for the thesis work is to analyze the performance of the 

PA to develop an efficient, low-cost, small-scale radio base station that 
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can be used in the 5G cellular systems where PAs efficiency is highly 

critical for system performance, Therefore, a robust algorithms are 

needed to offset the above effect in the future system for better 

performance. 

1.2 Overall Aim  

A small cell radio base station is presently studied in [12] with a 

customized PA to achieve a given performance within the tough 

environment due to antenna mismatch, cross-coupling and non-linear 

and memory effects of the PA. To achieve the required performance levels, 

there will be tradeoffs, sometimes with a very high cost in terms of 

complexity, efficiency, etc.  

The most comprehensive approach for PA Linearization is PA with 

digital pre-distortion at the baseband unit. The challenging task is the 

need for fine-tuning of each digital pre-distortion algorithm for the PA, 

in order to get the maximum performance. Another challenge is the 

digital beamforming in 5G front ends, where the performance of the 

algorithm degrades because of the coupling from other Power PAs used 

in a small area which together with antenna mismatch creates reflected 

signals. For proper characterization and thereafter linearization of the 

PAs, one would need to disjoin each PA output in the forward path and 

the reflected signal in the backward path. 

Having this said, we herein implement a solution that carries out the task 

of splitting the signal components at each PA output in a MIMO 

transmitter. While the linear technique frame is in many cases suitable for 

passive components, non-linear measurements need techniques such as 

load-pull measurements to allow engineers to investigate nonlinear 

circuits and components behavior.  

The thesis work consists of a study of a technique called active load-pull 

modulation and develops an algorithm, to extract the transmitted and 

reflected signals from active load-pull modulation measurements. 

Thereafter, this extracted data is used for PA modeling and MIMO DPD. 

Therefore, the research question is: Could we split and study the joint 

signals in the transmission chain, and then use them for modeling 

purposes? 
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1.3 Concrete and Verifiable Goals  

From the problems stated in the previous section, we have derived the 

following concrete goals in this thesis: 

1. Investigate different PA modeling and its distortion effects at the 

output of PA in multi TX transmitters in linearization techniques 

and their characteristics. 

2. Analyze crosstalk in an antenna array using test preparation 

measurements. 

3. Implement a load-pull measurement to extract the transmitted and 

reflected signals in a MIMO transmitter. Moreover, using the 

outcome of the load-pull measurements to analyze an advanced 

antenna system furthermore modeling different effects scenarios. 

4. Implement calibration methods for extracting accurate signals and 

reconstruct the time-domain signals. 

5. Use the findings of 3 above to model PAs using a dual input PA 

framework which is further explained in the section (2.9) and [19] 

.  

1.4 Scope 

This study focuses on modeling and studying the effects of distortion in 

multiple transmission chains. The outcomes from this project will be 

based on the evaluation of a combination of simulation results and results 

obtained from lab experiments. The project will study load-pull 

measurement and its calibration methods to extract the signals accurately, 

and then use them in the dual input PA model and apply them later in 

further study in DPD for MIMO systems. The project's conclusions would 

discuss the generation of accurate and reliable PA models with their 

associated cross-talk and mismatch impacts using active load-pull 

measurements and will not focus on implementing the MIMO DPD. 

1.5 Outline 

The rest of this report is structured as follows: Chapter 2 presents the 

theoretical foundations of the project. Chapter 3 introduces the 

methodology used for implementing the solutions. In chapter 4 the 
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implementation is explained. Chapter 5 shows the results. Chapter 6 

provides a discussion of the results and their interpretation. Chapter 7 

concludes the thesis and provides suggestions for future work.  
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2 Theory  
This part presents the theory behind the thesis work and review of related 

work, all parts used in the thesis will be explained here. 

2.1 Advanced Antenna Systems  

Broadly, the system of the advanced or smart antenna is an antenna 

system that uses a set of antennas along with the processor that can adjust 

the radiation pattern to the appropriate user. This system is able to direct 

the maximum antenna radiation signal towards a group of users, and at 

the same time, none of the signals will be transmitted towards the non-

desired places, thus reducing interference participated in the channel [1] 

. Antenna systems can be systems with multiple transceivers and antenna 

components to obtain a high-efficiency system by exploiting the spectral 

characteristics of multi-channel deployment. How to improve antenna 

characteristics such as the number of antenna elements in the direction of 

the antenna element and the vertical and horizontal separation are not 

clear and are largely dependent on the assumption made for the channel 

[2] [3] .  

 

2.2 The Power Amplifier (PA)    

The PA is an essential part of any transmitter with a function to 

magnify/amplify a wanted signal to the antenna port of a wireless 

communications system, thus providing the transmit signal level 

required to overcome any degradation from the path loss between the 

transmitter and intended receiver [4] . 

For PAs, there is a tradeoff between the bandwidth, linearity, and energy 

consumption or efficiency. Linearity here is a measure of the signal 

distortion due to non-linearities of the transistors which form the PA. The 

need for energy efficiency in the base stations makes it necessary to find 

energy-efficient linearization techniques [4] [5] .  
 

2.2.1 Power Amplifier Characteristics    

A major fraction of the power used in the system is consumed by the PA; 

both the required transmit power and loss are associated with amplifier 

inefficiency. The transmitted signal is distorted by PA nonlinearities 

within the signal frequency band and generating unwanted frequencies 
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in adjacent channels. Usually, under small-signal conditions, amplifiers 

operate as a linear device, but as the signal level increases, it becomes 

more nonlinear and distorted. With increasing output power, the 

amplifier efficiency also increases, hence, there is a system-level tradeoff 

between the power efficiency and the resulting distortion.  PAs are the 

main contributors of nonlinearity in communication systems, and system 

performance can be significantly affected by their nonlinearity [6] [7] .  
 

• Even order nonlinearities 

Considering the second-order nonlinearities, the output of the nonlinear 

amplifier can be calculated as [8] : 

 

 
  𝑉𝑜𝑢𝑡(𝑡) = 𝐺1𝐴(𝜔) cos (𝜔𝑡) +  𝐺2𝐴

2 (𝜔) 𝑐𝑜𝑠2(𝜔𝑡)                       (2.1) 

               = 𝐺1𝐴(𝜔) cos (𝜔𝑡) +  𝐺2𝐴
2 (𝜔) 

1+𝑐𝑜𝑠(2𝜔𝑡)

2
              (2.2) 

                 =
𝐺2𝐴2 (𝜔)

2
+ 𝐺1𝐴(𝜔) cos (𝜔𝑡) +

𝐺2𝐴2 (𝜔)

2
 cos(2𝜔𝑡)             (2.3) 

 

If we omit the higher terms, then the second-order nonlinearities 

introduce DC term and a new signal at double frequency of the 

fundamental signal - the second harmonic. This harmonic can easily be 

filtered away since it is usually out of the signal band. The figure shows 

the frequency domain of the output signal due to the second harmonics 
[8] . 

 
 

        Figure 2. 1: Second harmonics Output signal [8] . 
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   However, generally, we can write: 

 

 𝑉𝑜𝑢𝑡(𝑡) = 𝐺0 + ∑ 𝐺2𝑛𝐴2𝑛 (𝜔) 𝑐𝑜𝑠2𝑛(𝜔𝑡)

𝑁/2

𝑛=1

 

 

   (2.4) 

 

  To cover all the even-order harmonics.  

 
 

• Odd order nonlinearities 
 

 If we consider the third-order terms that result from the nonlinearities of  

 the amplifier, we can write the output of the amplifier as: 

 

 

The overall output considering the odd nonlinearities can be written as: 

 

    𝑉𝑜𝑢𝑡(𝑡) = ∑ 𝐺2𝑛−1𝐴
2𝑛−1 (𝜔) 𝑐𝑜𝑠2𝑛−1(𝜔𝑡).

(𝑁+1)/2

𝑛=1

 

 

 (2.7) 

 
 

Where G is the gain of the amplifier, third and generally odd order 

nonlinearities create in-band distortion that cannot be filtered away. 

Hence, they are more critical to PAs [8] . 

     𝑉𝑜𝑢𝑡(𝑡) = 𝐺1𝐴(𝜔) 𝑐𝑜𝑠(𝜔𝑡) + 𝐺3𝐴
3(𝜔) 𝑐𝑜𝑠3(𝜔𝑡) (2.5) 

                = (𝐺1𝐴(𝑤) +
3𝐺3𝐴

3(𝜔)

4
) 𝑐𝑜𝑠(𝜔𝑡) +

𝐺3𝐴
3(𝜔)

4
  𝑐𝑜𝑠(3𝜔𝑡)  

 

(2.6) 
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Figure (2.2) illustrates the frequency response of 4th and 5th order 

nonlinearities, including nonlinearities from other orders. In particular, 

provide important information in the subheadings. 

 

2.2.2 Gain and Gain Compression 

The ratio between the output power and input power is called the gain of 

the PA [10] [12] . It represented by the equation shown below: 

 

                    𝐺𝑎𝑖𝑛ⅆ𝐵 = 10 𝑙𝑜𝑔10

𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
 

 

(2.8) 

 

 

𝑃𝑜𝑢𝑡  represents the output power; 𝑃𝑖𝑛  represents the input power. PA 

gain depends on various characteristics of the transistors used in the PA 

such as individual device internal circuitry, RF input power, frequency, 

and DC input power. It's essentially non-linear. 

PA power output increases with input power with a fixed gain until it 

reaches saturation, where the gain is not fixed anymore, and the PA goes 

into compression. Hence, the PA begins to show its nonlinear 

characteristics of static distortion. The output power, where the actual 

gain is 1 dB under the linear gain is represented as the 1 dB compression 

point (P1 dB). Below, Figure (2.3) shows the gain attributes and Figure 

(2.4) illustrates 1 dB compression point of a PA. 

    Figure 2. 2: Frequency response of 4th and 5th order nonlinearities [8]  
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Figure 2. 3: PAs gain attributes 

Figure 2. 4: 1 dB compression point of a PA 
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2.2.3 Efficiency 

The efficiency of an amplifier is calculated by the ratio of the RF power 

produced to the direct current (DC) power supplied to the PA. There are 

two metrics considered; the first one is the drain efficiency (DE), 

represented by the equation shown below: 

 

                  𝐷𝐸 =
𝑃𝑅𝐹,𝑜𝑢𝑡

𝑃𝐷𝐶
 

(2.9) 

 

Where, 𝑃𝑅𝐹,𝑜𝑢𝑡  represents the RF power in Watts from PA and 𝑃𝐷𝐶 

represents the supplied power (DC).  

 

The second measure which is more common one named the Power 

Added Efficiency (PAE), is represented by the equation shown below: 

 

𝑃𝐴𝐸 =
𝑃𝑅𝐹,𝑜𝑢𝑡−𝑃𝑅𝐹,in

𝑃𝐷𝐶
 

(2.10) 

This model is the calculated ratio of the difference between RF power 

output and RF power input to the supplied power. PAE indicates DC 

power efficiency in terms of gain [10] [26] . Here, the 𝑃𝑅𝐹,in is the RF input 

power to PA; 𝑃𝐷𝐶  represents the supplied power (DC) and 𝑃𝑅𝐹,𝑜𝑢𝑡 

represents the RF power from PA. PAE is increasing with increasing the 

power output, as sown in Figure (2.3) above. 
 

2.3 AM-AM and AM-PM Distortions 

When the PA is in or near saturation, the efficiency is improved compared 

to the linear region. On the other hand, the distortion is increased. In 

order to describe these distortions, AM/AM and AM/PM are used. To 

distinguish, AM/AM and AM/PM, broadly, The RF PA operates in a 

certain limited range that is a baseband in nature. So mathematical 

representation is also abbreviated in that region [9] [10] . Therefore, using 

a complex envelope method is suitable for describing PA. The input 

signal of the PA is described as follows in (2.11): 

                𝑥(𝑡) = 𝑎(𝑡)𝑒
𝑗𝜑(𝑡)

 (2.11) 

Where a(t) represents the envelope or amplitude component of the input 

signal; φ (t) represents the input signal phase; j = √−1.  y(t) represents the 
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non-linear PA output response so it represents the distorted and 

amplified version of x(t); the final output can be described by the equation 
(2.12): 

          𝑦(𝑡) = 𝑔[𝑎(𝑡)]𝑒𝑥𝑝[𝑗𝜑(𝑡) + 𝑓(𝑎(𝑡))     (2.12) 

While the functions g & f are functions of the PA non-ideal behavior and 

is expressed as amplitude to amplitude (AM / AM) and amplitude to 

phase (AM / PM) distortion.  

2.4 Mutual Coupling of Antenna Arrays (Cross-talk) 

In MIMO systems, branches in the transmitter chain exposed to different 

levels of coupling (cross-talk) between each other as a result of the effects 

of cross-talk. Figure (2.5) illustrates the concept of coupling. In cross-talk, 

a portion of the emitted wave through the antenna has flowed to another 

branch or it can be multiple branches in the case of MIMO systems [33] . 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 5 The coupling paths for the antenna elements m and n 

[33]  
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In the Figure (2.5) above, coupling paths of the antenna components m 

and n of the antenna array in the transmitting party are represented, the 

source excited the antenna (n), when the antenna (m) is not transmitting 

(passive). The produced power moves to the antenna (n), marked as (0) 

and radiates to the free space, marked as (1). antenna (m) received a Part 

of the energy, marked as (2), and a current is finally produced on the 

antenna (m). The achieved current radiates some of the power to the free 

space, marked as (3), and part of the energy is wasted to the passive load 

of the antenna(m), marked as (4). in addition, the antenna (n), can receive 

some radiated energy (3), marked as (5) [33] .  

MIMO systems contain multiple branches when the distance between 

branches is decreased, the amount of the coupling also increase. 

Whenever the branches are nearby, the leakage power is much higher 

than the distant branches. As a consequence, this cross-talk coupling has 

a vast effect in the PAs performance it combines with the output of the 

PAs so the modulated RF signals will be distorted and a spectrum 

regrowth is seen [33]  [34] . 

2.5 Impedance Mismatch 

The RF amplified signal propagates within a transmission line before 

reaching the antenna. When all impedances of the PA and antenna are 

different, part of the amplification signal is reflected in the PA, that is, an 

impedance mismatch. This phenomenon drives to power losses 

furthermore, attenuation for the signals [35] . Figure (2.6) shows a 

mismatch between the antenna impedance ( 𝑍𝑎𝑛𝑡 ) furthermore PA 

impedance (𝑍𝑎𝑚𝑝).  
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           Figure 2. 6:Reflection in incidence wave due to impedances mismatch 

The reflection coefficient represented in the equation (2.13) below 

          𝛤
𝑙=

𝑍𝑎𝑛𝑡−𝑍𝑎𝑚𝑝

𝑍𝑎𝑛𝑡+𝑍𝑎𝑚𝑝

  

(2.13) 

2.6 Power Amplifier Modeling 

Models of any RF systems can be categorized into two central groups 

physical models and Behavioral models. Actual or physical models 

depend on the basic physics of the device. Besides, is practiced for 

electrical circuit components and circuit hypothesis for the system model. 

[10] . Behavioral models or Black-box models are based on the 

experimental representations for the input and the output data of the 

device. Hence, there is no need for pre-knowledge of the device system 

or internal circuit to model the system. This enables users to design 

models for PA with nonlinearities and memory effects by simply 

practicing simulations, after extracting an input signal and output signal. 

In behavioral models, the accuracy is very sensitive to the structure of the 

chosen model and parameter extraction method [4] [10] . Different model 

structures have parts for PAs modeling. These models include look-up 

tables (LUT), memoryless polynomial and memory polynomials. In the 

behavioral modeling of wireless communication transmitters, the first 

step is the selection of an appropriate model that best describes and 

accurately simulates PA performance. The choice of model architecture 
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and dimensions are considered in the model selection process. Several 

behavioral models have been developed in the literature, including the 

Volterra model, the memory polynomial model, the orthogonal memory 

polynomial model, the Wiener model, the Hammerstein model, and the 

augmented Hammerstein model. Volterra series are used to model weak 

nonlinear systems because it leads to complexity for highly nonlinear 

systems [6] [7] .  

2.7 Volterra Model 

In the modeling and study of nonlinear systems and solving of relevant 

problems, extensive studies have been carried out, several theories and 

mathematical methods have been developed, one of which is the Volterra 

series, one of the most popularly practiced and well-organized means. It 

can be traced back to the works of mathematician Vito Volterra [13] . The 

Volterra series can be formed by the following: 

 

   𝑦(𝑡) = ℎ0 + ∑ ∫ ……
𝑏

𝑎
 ∫ ℎ𝑛(𝜏1,⋯⋯𝜏𝑛

, )∏ 𝑥(𝑡 − 𝜏𝑗) ⅆ𝜏𝑗
𝑛
𝑗=1  

𝑏

𝑎

𝑁

𝑛=1
     

 

(2.14) 

where x and y describe the inputs and outputs sequentially, h0 is the 

constant term and hn (τ1, ...., τn) are nth-order coefficients of the Volterra 

series which are usually named Volterra kernels of the system. PAs can 

be counted as a causal system, and the PA output depends on the 

immediate and previous inputs. if there is no input, h0 also becomes zero 

so the formula becomes zero and the result for the system will be zero 

[10] ,[14] . When formulating a discrete baseband domain, the Volterra 

series can be formed by the following: 

   𝑦(𝑛) = ∑  

𝑃

𝑝=1
𝑝−𝑜𝑑𝑑     

∑   

𝑀

𝑚1=0

∑ …… . .

𝑀

𝑚2=𝑚1

∑  

𝑀

𝑚(𝑝+1)
2

=
𝑚(𝑝−1)

2

…              

. . . ∑  

𝑀

𝑝+3
2

=0

∑  

𝑀

𝑚=𝑚𝑝−1

ℎ𝑝(𝑚1,𝑚2,…𝑚𝑝) ∏ (𝑛 − 𝑚𝑖) ∏ 𝑢

(𝑝+1)/2

(𝑝+3)/2

(𝑝+1)/2

𝑖=1

∗ (𝑛 − 𝑚𝑖)   

       

 

 

 

 

(2.15) 
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Where P is nonlinear and M is the memory depth, the first addition is 

limited to the individual or odd values of P. 𝒉𝒑(𝒎𝟏,𝒎𝟐,… 𝒎𝒑) are Volterra 

kernels and (.) * describe a complex conjugate. Here there is a trade-off 

between the accuracy of PA modeling and the number of terms in the 

Volterra series, implying that the number of terms grows dramatically 

with the increase of non-linear order and memory length, which creates 

high complexity in the calculation. [10] . There are many types of Volterra 

models such as Memory Polynomial (MP) [15] , Generalize MP (GMP) 

[16] .  

2.8 Memory Polynomial  

Modeling using the Volterra series is unworkable and complex because 

the coefficients too high numerically to be fully implemented in a series 

of Volterra models of the PA. Instead, it can be simplified into a memory 

polynomial model (MP) [25] .Within this model, they reduced to where 

the cross-terms between the input signal and its terms with different 

delays to be: 

 𝑏(𝑛) = ∑  𝑃
𝑝=1

𝑝 𝑖𝑠 𝑜𝑑𝑑

∑ 𝜃𝑃𝑚𝑎(𝑛 − 𝑚)|𝑎(𝑛 − 𝑚)|𝑝−1𝑀

𝑚=0
       (2.16) 

Where P is nonlinear and M is the memory depth, a and b respectively 

describe the inputs and outputs sequentially, 𝜃𝑃𝑚is a vector of complex 

coefficients. 

2.9 Reduced Dual-Input PA Model  

For the Multi-antenna transmitter system represented in Figure (2.7) 

below which contain a large array with many antenna elements, each 

radio branch has its own power amplifier all this component 

implemented using tightly packed integrated ICs [19] [25] .Dual input 

power amplifier assumes the PA has two inputs, one is the normal input 

and the second is input from other branches in the antenna array. 
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Figure 2. 7: Multi-antenna transmitter system model [25] . 

The b2i signal (n) represents the PA output wave from the TXth path at a 

step-in time. The incident wave a1i (n) is the input signal for the PA's 

branch i. Signal a2i (n) is the wave incident to take the Ith output of the PA 

and it is coming from a cross-talk antenna and mismatch. Including the 

memory effects lead to a very complex Volterra model so, it suggested to 

reduce to the Memory Polynomial (MP) structure [15] . MP does not 

assume the cross terms between the corresponding signal with different 

delays of the same signal, and m1 = m2 = m3. Thus, the new model is 

represented below [19] [25]  

 

b2i(n)      = ∑  

M1

m1=0
    

∑   

(P1−1)/2

p=0

  αm1

 (2P+1) 
a1i (n − m1) 

                       × |𝑎1𝑖 (𝑛 − 𝑚1)|
2𝑝   

      

a 
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                               +∑ 𝛽𝑂𝑚2

(1)
𝑎2𝑖(𝑛 − 𝑚2)

𝑀2

𝑚2=0
 

                       +∑ ∑ ∑ βm4m3

(2P+1)
(p2−1)/2

p=1

M4 

m4=0

M3

m3=0

  

                      × 𝑎2𝑖 (𝑛 − 𝑚3) |𝑎1𝑖 (𝑛 − 𝑚4)|
2𝑝   

                        +∑ ∑ ∑ 𝛾𝑚6𝑚5

(2𝑃+1) 𝑎2ⅈ
∗ (𝑛 − 𝑚5)

(𝑝3−1)/2

𝑝=1

𝑀6 

𝑚6=0

𝑀5

𝑚5=0

  

 

× (𝑎1i(𝑛 − 𝑚6))
𝑝+1  (𝑎1i

∗ (𝑛 − 𝑚6))
𝑝−1 

(2.17) 

In (a), the conditions including just the signal a1i (n) are linked. These 

terms define the amplification behavior of the PA of a1i (n) and are like 

the SISO memory polynomial model. In (b) and (c), consequences of 

coupling, mismatch, and mixing of these consequences are defined with 

the nonlinearity of PA, wherein (b) all items including a2i (n) are linked, 

and (c) all the items that carry their conjugate such as a2i * (n), are linked. 

the non-linear orders P1, P2, and P3, and the memory lengths M1, M2, 

M3, M4, M5, M6 are important to achieve a good model accuracy. 

2.10 Digital Predistortion 

Digital pre-Distortion (DPD) is one of the linearization techniques 

employed to realize cost-effective RF PAs with good efficiency and 

linearity performance.  Also, it is a preferred RF solution because of the 

relative simplicity of implementation.  

 

The input signal to the amplifier in the digital domain is pre-distorted by 

using a linear method to compensate for the PA non-linearity; this is 

achieved through adding a block called the Predistorter, on the input to 

the PA, as shown in Figure 2.8, This distortion thus produced is inverse 

in behavior to that of the PA, and the final output gives linear 

performance from the PA as shown in the figure. DPD is favored mainly 

b 

c 
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because of good flexibility and great precision technology process in 

digital signal processing [3] [11] ,[12] . 

 
Figure 2. 8: Predistortion method. 

 

2.10.1 DPD Indirect Learning Architecture  

The fundamental principle of the digital distortion technique is the 

initiation of a nonlinear element that contains the inverse nature of the 

PA, as can be seen in the formation of an open loop. Accordingly, it is 

necessary to obtain the inverse model with the PA input and output data. 

The inverse structure of the model is to find the inverse function to use, 

this principle is illustrated in Figure 2.9 below. 

 

Figure 2. 9: DPD Indirect Learning Architecture 
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2.11  NMSE (Normalized Mean Square Error) 

NMSE can be used as a figure of merit to describe the linearity of a PA 

where yme (n), ymo are respectively the input and output both normalized 

to the input of the PA. 

          𝑁𝑀𝑆𝐸𝑑𝐵 = 10 𝑙𝑜𝑔10

(∑ |𝑦𝑚𝑒 (𝑛)− 𝑦𝑚𝑜 (𝑛)|2
𝑁

𝑛=1
)

∑ |𝑦𝑚𝑒 (𝑛)|2
𝑁

𝑛=1

                                              (2.18) 

NMSE is calculated from the overall deviations between the expected 

values from the model and measured values experimentally in the time 

domain. This is a much preferred and simple calculation and is usually 

represented in decibels (dBs).  

As shown in Equation 2.19 above, yme (n) is the experimental output of 

DUT and ymo is the output obtained from the tested model. Hence, the 

model accuracy is inversely proportional to NMSE. In other words, the 

decline of NMSE implies higher accuracy. [12] ,[17] .  

2.12 ACLR 

PAs in general exhibit non-linear behavior that has a severe impact on the 

from Spectral Re-growth leading to poor Adjacent Channel Leakage Ratio 

(ACLR) or Adjacent Channel Power Ratio (ACPR) which describe the 

same thing. It is a measure of the strength of distortion components that 

leaked to the adjacent channel. The ACLR describes a ratio of signal 

strength or signal power leaked in the bandwidth of the adjacent channel 

signal to the power of the same signal transmitted in the signal 

bandwidth of the wanted channel [12] . ACLR is mathematically 

represented by equation 2.19 shown below:  

           𝐴𝐶𝐿𝑅ⅆ𝐵 = 10 𝑙𝑜𝑔10

   ∫ |𝑌(𝑓)|2 𝑑𝑓 𝑎𝑑𝑗_𝑐ℎ  

∫ |𝑌(𝑓)|2 𝑑𝑓 
𝑚𝑎𝑖𝑛_𝑐ℎ

                                                 (2.19) 

where, 𝑌(𝑓)  represents the Fourier transform of the signal, 𝑚𝑎𝑖𝑛_𝑐ℎ 

describes the signal bandwidth of the wanted channel and 𝑎ⅆ𝑗_𝑐ℎ 

represents the signal bandwidth of the adjacent channel. 
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2.13 Least Square Algorithm 

Least Square (LS) estimation algorithm is preceded by A. Legendre. The 

primary idea of this estimate is to reduce the sum of the square residues 

(ε) and this is the difference between the measured data and modeled 

data which is the data received from the model  [10] . LS is mathematically 

represented by equation 2.20 shown below:  

 

                𝜀 = ∑|�̂�(𝑛) − 𝑦(𝑛)|2                                                                   (2.20) 

Where, n represents the number of samples of the input and output 

signals and y(n) represents the measured data and �̂�(𝑛) represents the 

modeled data [10] . 

 

2.14 Load Pull Measurements 

Load pull is a popular way to analyze the performance of an RF device in 

which load impedance is varied systematically while the characteristics 

of the device are monitored. The scope of the load variation is defined by 

the user. It is an accurate way to characterize a transistor. Synchronous 

injection and measurement of signals in PA Inputs and outputs in well-

defined planes are essential for the characterization of the Dual input PA 

as happens in AAS load-pull measurement used to accurately extract 

dual input parameters of the PA model [18] ,[19] . 
 

2.15 Load Pull Approaches  

There are many approaches of load-pull such as Passive Load-pull (PLP), 

Correlated Active Load-pull (CALP) and Uncorrelated Active Load-pull 

(UCALP). This section will talk about each approach and its 

characteristics [20] , for more details see section (4.2). 

2.15.1 Passive Load-Pull (PLP) 

In the initial approach, as displayed in Figure 2.10, the PA is loaded with 

a matching load and many other loads within the circuit, practicing a 

passive load tuner. Moreover, the input signal is modulated with a 

pseudo-random bit stream and has similar statistical specifications with 
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a signal that will be used to excite the PA. Then, the results are handled 

from each measured data for different loads [20] [24] . 

 

Figure 2. 10: Passive Load-pull (PLP)(CALP)[20] . 

2.15.2 Correlated Active Load-Pull (CALP) 

The Figure below shows a different way to produce a second excitation 

at the amplifier output port. Exciting the input and output ports of the PA 

will be done at the same time in this approach. Using a second exciting 

signal, any load - corresponding to the ratio between the forced incident 

and scattered signals - can be artificially integrated at the PA output port. 

Therefore, the maximum output power of the second driver must be high 

enough to cover loads and specifications [20] . 

 

Figure 2. 11: Correlated Active Load-pull (CALP) [20] . 

2.15.3 Uncorrelated Active Load-Pull (UCALP) 

The easy idea of making excitation signals uncorrelated, the use of two 

independent signal generators (AWGs) - by using different or same 

complex envelopes - to produce x1 (n) and x2 (n) as shown in the Figure 



Nonlinear effects and predictions in 

advanced antenna systems in 5G- 

Distortion Effects in 5G  

Altahra Mohammed   

2 Theory 

2020-02-04  

 

 

22 

below. The benefit of this situation is that there are most changes needed 

to extract the Dual input model. The load was entered to the PA using the 

second signal generator (AWG II), totally random. However, the 

disadvantage is that it may generate unwanted control points that affect 

model extraction [20] . 

 

Figure 2. 12: Uncorrelated Active Load-pull (CALP)[20]  

2.16 Calibration 

To measure the actual performance of the device under test, the 

testbench/system needs to calibrate firstly to allow for cable losses and 

other possible sources of inaccuracy. The relative calibration method used 

in load-pull measurements is VNA, which is developed since the 1950s. 

To measure the un-ratioed travel waves needs two things: firstly, the 

absolute quantity of the traveling wave which measures the exact power 

at a given frequency, and secondly the phase information which is 

equally important to accurately determine the phase of non-linear DUT. 

The phase information allows for obtaining time-domain measurements 

[21] ,[22] .  

 

2.16.1 Relative Calibration 

The relative calibration is the step needed to measure the S- parameters 

of the electrical network in normal VNA and this is applied at a reference 

plane, usually the input and output ports of the DUT ports, to eliminate 

systemic errors [21] . Moreover, it does not involve any absolute quantity 

of travel waves just ratioed one Different algorithms for the relative 

calibrating are existed such as short-open-load-through (SOLT), Short 

Open Load Reciprocal (SOLR), Through-Reflect-Line (TRL), Line-Reflect-

Match (LRM), etcetera [22] [23] .  
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The measurements systematic errors can be modeled as two error box by 

using the 8-term errors model as shown in the figure (2.13) below [28] [21]  

 
Figure 2. 13: 8-term errors model [21] . 

 
The below equation (2.21) shows the mathematical representation of the 

error model. 

 

[
 
 
 
�̃�1

�̃�1

�̃�2

�̃�2]
 
 
 

= [
 1 ÷ e10e01 ∗ (

−∆x 𝑒11
−𝑒00 1

)                    0

0 1 ÷ e10e32 ∗ (
−∆y 𝑒22
−𝑒33 1

)
]  * [

𝑚1
𝑚2
𝑚4
𝑚3

]                                            

(2.21) 

Where m1, m2, m3, and m4 represents the received signals of the 

measurement receivers; 𝑒11 , e00, e22, e33, e10e01 anⅆ e33  represents 

the systematic errors of the measurement system in frequency RF, this can 

be described as two error boxes, This is further identified as an 8-term 

error model [27] [28] . 

∆x = e00e11 -e10e01 and ∆y = e22e33-e32e23. 

2.16.2 Absolute Calibration 

Absolute calibration is the next step after relative calibration in the 

calibration procedure for the performance of power by using Absolute 

calibration to calculate the α. The equation for the absolute calibration is 

below  
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[

𝑎1

𝑏1

𝑎2

𝑏2

] =  𝛼 

[
 
 
 
�̃�1

�̃�1

�̃�2

�̃�2]
 
 
 

                                                                            (2.22) 

Where �̃�1, �̃�1 , �̃�2, �̃�2 are the signals or waves from relative calibration in section 

(2.15.1). α has magnitude and phase values.  

• The Magnitude: 

 is defined by comparing the input power measured by the system on the 

reference of DUT with the power meter signal. A mathematical equation 

is defined as below  

 

                                   𝑃𝑟𝑒𝑓 =
|𝛼�̃�1|2−|𝛼�̃�1|

2

2𝑍0
                                                 (2.23) 

                             |𝛼| = √
2𝑍0𝑃𝑟𝑒𝑓

|�̃�1|2−|�̃�1|
2                                                 (2.24)                                                                           

Where 𝑃𝑟𝑒𝑓   represents the power from the power meter and 2𝑍0 is the 

impedance of the system. 

 

• The Phase: 

The third step is the latest includes the phase calibration stage where 

usually is used to signal the harmonic phase. The phase calibration is 

finally performed by connecting the port of the reference plane to the 

signal analyzer by choosing one of the signals connected by a switch. A 

mathematical equation is defined as below: 

 

         ∠𝛼 =
𝑚3

1

e10e01
(𝑚2(1+𝑒11)−𝑚1(e00+∆x))

                                     (2.25) 

where e10e01, e11, e00, and ∆x represent the error coefficients in (2.25). 

2.17 Related Works 

Here there are some examples of source references that are working on 

similar projects. 
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The authors of [12] emulate a multi-antenna transmitter system by 

applying Digital beamforming techniques to a circuit consisting of a 

uniform linear array with four transmit antennas and four PAs. Coupling 

between the antenna elements was extracted using S-parameters. The 

outcomes: No significant impact observed on Adjacent channel power, 

however post-PA crosstalk is measured with and without DPD 

linearization techniques applied. The objective of this thesis work is to 

investigate the impact of post-PA crosstalk effects and explore a solution 

to compensate for both nonlinearity and crosstalk at the power amplifier 

output. 

The authors in [29]  propose a technique for a comprehensive analysis of 

the non-linear and dynamic characteristics of multiplex antennas (TXS) 

devices. The analysis technique is enabled by developing a dual input 

model based on the Volterra series of power amplifiers (PAs), which 

considers the combined effects of PA nonlinearity, crosstalk between 

antenna elements and antenna mismatch for modulated broadband 

signals. By combining different PA models with linear dynamic antenna 

simulation, an analysis technique was developed which produced linear 

output from each antenna element with good efficiency also. 

In [30]  the effect of multiple antenna coupling and a mismatch has been 

investigated. In [31]  reciprocal antenna coupling and mismatches on the 

behavior of PA have been investigated using the PA input model with 

antenna measurement scattering array characteristics (S parameters). The 

impact on the PA was presented due to the mismatch of the source model. 

Dual PA input has been investigated in [24] .  
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3 Methodology  
This thesis project was implemented in a radio laboratory at the Ericsson 

AB at Lund, under Business Unit Radio Access Department. Laboratory 

and computer components with MATLAB binding professional licenses 

were provided. Radio Frequency devices and components such as a 

signal generator, signal Analyzer, RF switch, Digital Oscilloscope and a 

constant stream of all antennas were also provided. 

The thesis project was based on the following activities: 

To solve the first goal, which started with the study of related works on 

power amplifiers, different PA modeling, and DPD linearization 

techniques and their characteristics; state-of-the-art algorithms, and 

articles or associated journals were reviewed for understanding the 

nature of the power amplifier and the problems, besides, the crosstalk 

problems and its effects.  Different PA models were reviewed and carried 

out and discussed their advantages and disadvantages. Besides digital 

pre-distortion performance and properties were studied to solve the PA 

nonlinear problems. Current algorithms and articles or related journals 

were studied regarding the characteristics of PA in a different band and 

power. 

Regarding the second goal, which was to investigate the problems with 

crosstalk, these problems were analyzed by using test preparation 

measurements. Firstly, each device component and a tool to measure the 

test preparation was studied, and a collection of experiences on 

measurement and control instruments were reviewed. The 

measurements were performed using a specific PA with a measurement 

test, and the data analyzed using the existing and new algorithms with 

the help of MATLAB. The measurements were taken under MIMO's 

initialization. This measurement and extraction data were analyzed to 

understand the behavior under the influence of cross-talk and antenna 

coupling. 

To achieve the third goal, the active load-pull calibration was done by 

using short-open-load through which was relative calibration 

correspondingly as is the case with VNAs. Besides, the implementation 

of power and phase calibration. 
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For the fourth goal, which is load-pull measurements, schematic 

development of the characterization of two-port non-linear was done. 

MATLAB scripts to interface the lab setup were created. The load-pull 

measurement circuit consisted of a computer and two signal generators 

(SG1, SG2) to generate the signals. Two couplers in the two ports from 

input and output of the power amplifier sensed the traveling waves. The 

captured signals coming from the couplers were processed by using 

Vector Signal Analyzer (VSA) through MATLAB functions to run the 

load-pull. Furthermore, these signals were studied before and after 

calibration. The performance was tested by using ACLR measurements 

and the power for the signals. The results from load-pull measurements 

were compared with other studies. 

Regarding the final goal, dual input PA modeling was carried out by 

translating the model Reduced dual-input PA described in the section (2.9) 

to MATLAB scripts. The performance of the PA model was tested by 

using Normalized Mean Square Error (NMSE). 
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4 Implementation 
This chapter describes the implementation of the work procedures for 

extracting the signals from Active load-pull measurements and 

generating the dual input PA model as shown in Figure 4.1. The active 

load-pull modulation will divide into two sections, the first one will be 

the setup and circuit of the active load-pull technique and the second one, 

will be about the calibration of the active load-pull modulation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Active load-pull Modulation 

• Active Load Pull Setup 

• Active Load Pull Calibration 

Dual Input Power Amplifier Model 

 

 

Figure4.1 Implementation block Figure 4.1:Implementation block. 
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4.1 Active Load Pull Measurements 

The uncorrelated active load-pull approach explained in the Theory part in 

section (2.14.3) was used here. Figure 4.2 below, shows the measurement 

setup used for uncorrelated Active load-pull modulation. 

 

     Figure 4.2: Active load-pull modulation measurement system block. 

The measurement setup includes: 

1. Two correlated vector signal generators (SG1, SG2) will generate 

20MHz LTE signals with 12dB difference between their power 

levels to emulate a coupling factor between antennas. 

2. Two circulators (UTE Microwave INC) to ensure the signals flow 

in one direction only so the signals don’t reflect back to the signal 

generators.  

3. Two 30 dB RF directional couplers (MCLI C37-10) to sense and 

feed the signals to the Signal Analyser through a switchbox as 

shown in figure 4.1. 
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4. SG1 and SG2 are connected to a 10MHz reference when the 

correlated active load-pull mode is used to synchronize them and 

correlate the signals by using MATLAB methods.  

5. The output signals from the two couplers A and B are connected 

respectively to the input and output of the PA YSF-322+ (GaAs E-

PHEMT) with high gain 20dB. 

6. SG1 and SG2 and Signal analyser are connected to the pc through 

LAN (Local Area Network). 

7. All signals processing and calculation for the mathematical 

equations proceed by using MATLAB scripts 

As shown in figure 4.1 above, this setup enables the injection of different 

multitone signals at the input and output of the PA, as well as to measure 

the incident and reflected waves in the calibration reference plane, a1, b1, 

a2, and b2, accurately. 

4.1.1 Active Load Pull Measurements Method 

Synchronous injection and measurement of signals in PA Inputs and 

outputs in well-defined reference planes are essential for the 

characterization of the dual input PA. For this reason, an active load-pull 

measurement in uncorrelated mode setup is used for the experimental 

extraction of signals employed in the dual input model PA coefficients. 

Below Active Load pull measurements are broken down to several steps: 

1. Generate signals from the signal generators and sweep the 

powers from signal generators and capture that signal.  

2. MATLAB scripts have been used for capturing waveforms 

from the signal analyzer. 

3. MATLAB scripts have been used to control the switchbox to 

switch between signals. 

4. MATLAB scripts have been used to achieve 

correlation/synchronization between the signals 

5. Implement the load-pull setup after implementing the 

calibration, by adjusting the frequency for SG1 and SG2 to 2.44 

GHz, do the calculation using the error parameters and S-

parameters extracted from calibration methods and signals 

from uncorrelated load-pull measurements. These calculations 

have been done by using the MATLAB functions to specify 
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what the optimum load reflection coefficient for the gain 

should be. Finally, be able to reproduce the results’ signals. 
Figure (4.3) below shows the lab environment pic of the block 

diagram (4.2). 

 

 

   

     Figure 4.3:Active load–pull measurement lab setup. 
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4.1.2 Calibration 

Full two-port and power calibrations have been done to measure the 

incident and reflected waves at the PA reference plane. A phase 

calibration to reconstruct the time-domain signal was performed. The 

calibration steps were: - 

1. Relative Calibration: -Two-port SOLT calibration of the 

reference plane with E-Cal.  

2. Relative Calibration of Unknown-Through.  

3. Implement the Absolute calibration which contains the 

magnitude calibration with a power meter and phase 

calibration with one of the measurement receivers as reference.  

4.1.3 Relative Calibration 

While some algorithms result in the more accurate calibration of others, 

SOLT, which is Short Open Load Through, has been used for the relative 

calibration which discussed previously in the section (2.13.1), that has 

been done by using E-Cal (Figure 4.4) and measure the S-parameters of the 

ports and then Unknown through will be used. 

• E-Cal (Electronic Calibration)  

 

 

 

 

 

 

 

 

   Figure 4.4: E-Cal measurement lab setup. 
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Here the full two-port calibration is done at the PA reference plane by 

using E-Cal for the input and output of the PA and measure the s- 

parameters and error parameters of the ports, Then the equation (2.21)    

has been used to calculate �̃�1 , �̃�1, �̃�2  𝑎𝑛ⅆ �̃�2  by using the MATLAB script. 

Below Figure 4.5a and Figure 4.5b below show the actual lab setup for the 

port one and port two respectively.  

     

Figure 4.5a: Port one actual measurement 

setup 

• Unknown through calibration 

By using the Unknown through calibration which explained previously 

in the section (2.15.1). The term   e10e32 has been extracted. The equation 

(2.21)   has been used by a MATLAB script to finally calculate the signals 

�̃�1 , �̃�1, �̃�2  𝑎𝑛ⅆ �̃�2  . Below Figure 4.6: is the measurement setup connection 

and then the actual lab setup for the Unknown through calibration. 

 

 

 

Figure 4.6: Calibration procedure of the measurement setup: unknown through calibration. 

Figure 4.5b: Port two actual measurement 

setup 
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Figure 4.7: Unknown through calibration measurement 

setup. 
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    Figure 4.9: Absolute phase calibration measurement setup. 

 

4.1.4 Absolute Calibration 

The next step in the calibration procedure for the performance of power by using 

Absolute calibration which explained previously in the section (2.15.2), to 

calculate the α such as in the equation (2.22), the α has magnitude and phase 

values. The magnitude is defined by the equations (2.23) and (2.24), The 

phase value has been calculated by using the equation (2.25) 

 

 

 

 

 

 

 

 

 

  Figure 4.8: Calibration procedure of the measurement setup: (a) Absolute magnitude 

  calibration with power meter. (b) Absolute phase. 
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Figure 4.10: Absolute magnitude calibration with power meter calibration 

measurement setup 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Nonlinear effects and predictions in 

advanced antenna systems in 5G- 

Distortion Effects in 5G  

Altahra Mohammed   

4 Implementation 

2020-02-04  

 

 

37 

4.2 Dual Input Power Amplifier Model 

The flow chart (4.10) below shows the implementing of the modelling 

algorithm of PA. For the PA model, the Reduced dual-input PA model 

described in the section (2.9) was used. In modelling flow chart, the first 

input, 𝑎1, the second input, 𝑎2, and the output, 𝑏2, which were extracted 

from uncorrelated active load-pull measurements in section (2.4). Firstly, 

these signals needed to be aligned, so the second input 𝑎2 and output 

signal 𝑏2  were aligned with the input signal a1 by using the cross-

correlation, after calculating max cross-correlation between the signals 

the captured output signal 𝑏2  and second input signal 𝑎2  were shifted 

and aligned with the input signal 𝑎1. then, the dual-input PA was created, 

and the coefficients were created as shown in the next section.  

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Active load-pull measurements 

Signal Process (Correlation) 

Create Dual Input PA Model 

Output from the model 

Calculate NMSE  

𝑎2 𝑏2 

𝑎2 𝑏2 𝑎1

 

𝑎1 

𝑎1 

Kernal 𝑎2 

𝑏2 𝑏2m 

Figure 4.10 :Dual-input PA model Flow Chart. 
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4.2.1 Coefficients Extraction 

As we said before the PA model used in this thesis work is the Dual-Input 

PA model (Chapter 2.9).  This model contains unknown coefficients 

(kernels) which can be extracted from the input, output and reflected 

signals from the PA which extracted in the active load-pull measurements 

section (4.1). All these coefficients are stated in Eq. 2.17 whose matrix 

form can be formulated as  [25] : 

                   𝒃𝟐 = 𝑯 (𝒂𝟏, 𝒂𝟐)* θ                                                                   (4.1) 

Where: 

                  𝒃𝟐 = [𝑏2 (0), 𝑏2 (1),⋯, 𝑏2 (𝑁-1)] 𝑇,                                           (4.2) 

The coefficient of the regression matrix 𝐻 (.) depends on the dual inputs 

model from the reduced dual-input form the section (2.9). 𝒃𝟐, 𝒂𝟏, and 𝒂𝟐 

represent vectors of output data, input data and reflected data 

respectively; these vectors include all samples in  𝑁 time. 

𝑯 (𝒂𝟏, 𝒂𝟐) represents the basic function. θ represents a complex vector 

for unknown parameters or coefficients that correspond to α, β, and γ 

from Equation (2.17). 

                   θ = [α𝑇 β𝑇 γ𝑇] 𝑇                                                                        (4.3) 

θ is estimated using the least square method section (2.13)and [25] ,as 

follows: 

                  θ=H+ b                                                                                      (4.4) 

𝐻 + represents Moore-Penrose pseudoinverse, which is calculated as  

                     𝑯+=(𝑯𝑯𝑯)−𝟏𝑯𝑯                                                                        (4.5) 

where (.)𝐻 represents the Hermitian and (.)−1 is the inverse matrix.  

These previous equations (2.17), (4.1)…(4.5) were implemented and 

solved using MATLAB (R2018b), and then using the proper selection of 

non-linear orders P1, P2, and P3, and the memory lengths M1..M6. 

Finally, the output signal from the model 𝑏2m  extracted and the merit 
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Normalized Mean Square Error (NMSE) described in section (2.11) was 

used for the performance of the model of a PA, the PA model was 

obtained, and it is shown in the Results section. 
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5 Results 
In this section, the results will be shown for all parts, starting with the 

results of the uncorrelated mode of active load-pull, before and after the 

calibration methods in different scenarios. Then the correlated mode will 

be shown. Finally, the results of the Dual Input power amplifier model 

will be presented. 

5.1 Active Load Pull Modulation Result 

In the experiments there are 3 aspects: 

• Change the power (crosstalk level) 

• Study the signals in correlated and uncorrelated scenarios. 

• Introduce nonlinearity to the crosstalk model. 

In this part, the results represent signals ch1, ch2, ch3 and ch4 which coming 

from the directional coupler and have the red square in Figure 5.1. this signal 

investigated before the calibration methods. 

 

       Figure 5. 1: Active load-pull modulation measurement system block. 
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By varying the power of the signal generator 1 or source 1 (SG1) which is 

connecting to the input, and the power of vector signal generator 2 or 

source 2 (SG2) which is connecting to the output, some results were 

obtained depending on the power variations of the signal generators in 

different ways. 

Starting with the results of the signals before the calibration process. Here 

the power of the SG1 was swept, using (-7db, -3db, -1db) respectively, 

and the power of SG2 is -6 dBm in the spectrum Figures (5.2), (5.3) and 

(5.4) below. Signals ch1 to ch4 are coming from the couplers A and B (See 

Figure 5.1) and then captured by using the signal analyser. We note that 

the nonlinearity is increased when we increase power, but this aspect will 

be further discussed in the Discussion section (6). 

 

 

 

 

 

 

 

 

 

Here a sweep of the power of the SG2 in (-2, -10, -4, 1) dBm was performed.  

 

 

 

 

Figure 5. 3: Load-pull signals (before calibration) -SG1:-7 dBm 

Figure 5. 2 : Load-pull signals (before calibration) -SG1:-6 dBm 

 

Figure 5. 4: Load-pull signals (before calibration) -SG1:-1 dBm 
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The power of SG1 is -1dbm in the spectrums below and SG2 was swept 

in (-22, -10, -4 and -1) dBm. We note that the nonlinearity is decreased 

when we increase the power of SG2 as shown in Figures from (5.5) to (5.8). 

For example, if we focus on the signal ch3 with yellow colour and 

compare the nonlinearity in the Figure (5.5) and (5.8), we will find that 

ch3 in Figure (5.5) has a higher nonlinearity than in figure (5.8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

          Figure 5. 5: Load-pull signals (before calibration)– 

          SG2:  -22 dBm 

Figure 5. 6: Load-pull signals (before calibration)- 

SG2: -10 dBm 

Figure 5. 8: Load-pull signals (before calibration) - 

SG1: -4 dBm 

Figure 5. 7: Load-pull signals (before calibration) - 

SG2: -1dBm 
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Figure (5.9) represents the spectrum for ch3 which the loaded PA output 

with the power of SG1 is -1 dBm and sweep SG2 in (-25, -12, 0) dBm. 

 

ACLR for ch3 was calculated by using equation (2.19) given in the Theory 

part section (2.12). Figure 5.10 explains the relation between the ACLR of 

the signal (ch3) with the power of SG2 which represents the cross-talk. 

By sweeping SG2 from (-1) dBm to (-45) dBm and power of the SG1 was 

constant at -1dBm. ACLR for ch3 was calculated and the results were 

plotted as shown in Figure (5.10). 

Figure 5. 9:Loaded PA output(ch3) Diagram 
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             Figure 5. 10: Loaded PA output (ch3) ACLR Diagram 

Sweeping SG2 not only serve the linear cross-talk, but it also 

introduces the non-linearity which has the load modulation. 

For further investigation, a 3D plot shows the relationship between 

ch3 and ACLR in Figure (5.11), by using the normal output of the 

power amplifier as a second input (SG2). The result below shows the 

same result as before in Figure (5.10). 
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                Figure 5. 11: Loaded PA output 3D with normal output 

The correlated active load-pull measurements were conducted and 

compared with the uncorrelated mode. The result is shown in Figure 

(5.12), which explains that there is no big difference in ACLR between 

correlated and uncorrelated modes. 
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         Figure 5. 12: correlated and uncorrelated Load-pull modulation ACLR 
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After performing all calibration methods and its calculation, final 

signals have been extracted, pointed in red square in Figure 5.13 

below. Where a1, is the input signal to the PA, b1, a2 are the reflected 

signals in port one and port two respectively, b2 is the output signal 

of the PA. 

 

Figure 5. 13:Active load-pull modulation measurement system block. 

The power of SG2 is -4 dBm in the spectrums Figures (5.14) and (5.15). 

SG2 was swept in (-7 and -3) dBm. The amplification of the output 

signals (b2) is around 20 dB compared to the input signals (a1), and 

the nonlinearity was increased in the output signals (b2) compared to 

the nonlinearity in the input signals (a1) when the SG1 power was 

increased. 
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Sweep SG 2 

 

 

 

In the next Figures (5.16) to (5.18) below, the power of SG1 is -7dBm in 

the spectrums below and SG2 was a sweep in (-1, -4 and -9) dBm. We note 

that the amplification of the output signals(b2) around 20 dB also, 

nonlinearity is increased in the output signals (b2). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 16: Load-pull signals -SG2:-1 dBm 

Figure 5. 17: Load-pull signals -SG2:-4 dBm 

Figure 5. 18: Load-pull signals -SG2:-9dBm 

Figure 5. 15: Load-pull signals-SG1 :-3 dBm Figure 5. 14: Load-pull signals-SG1: -7 dBm 
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5.2 Dual Input Power Amplifier Model 

In this part, the PA has been tested to study the effect of nonlinearity and 

its performance. The input power was swept from 0 to -35 dB, and ACLR 

was calculated. Figure (5.19) shows an increase in the input power which 

leads to high ALCR and high distortion of the PA output signal with 

approximately constant output power. 

 

 

 

 

 

 

 

 

 

 

The dual input PA model is developed based on the final signals from the 

active load-pull modulation. The model is developed around the 

compression region so that, the nonlinearities can be observed, and the 

model performance can be shown. For PA model the parameters which 

are memory depth and nonlinear order are chosen after different values 

tried for the dual input modelling method. Table (1) shows the 

parameters' values, NMSE achieved, number of the coefficients and 

elapsed time (seconds.). For example, for the model nonlinearity order, 

Ps and memory depth Ms has been swept from 0 to 9. The sweeping is 

stopped when the NMSE result started to become worse. The NMSE is 

mostly dependant on the number of coefficients, so when the number of 

coefficients increases, the NMSE becomes better (NMSE value is the lower). 

         Figure 5. 19:PA Behaviour 
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as shown in Figure (5.21), but the calculation time increases with the 

increase in the number of the coefficient as shown in Table (1) below. 

Table 1: Dual input model parameters 

Test NMSE (dB) #coeff [P1,P2,P3,M1,M2,M3,M4,M5,M6] 
Elapsed time 

(seconds) 

1 -42,1 102 [5 , 5 , 5 , 2 , 3 , 2 , 2 , 3 , 3] 26.454366 

2 -42 99 [3 , 5  ,5 , 2 , 3 , 2 , 2 , 3 , 3] 26,634948 

3 -35 54 [3 , 3 , 3 , 1 , 3 , 2 , 2 , 3 , 3] 8,459851 

4 -33,2 44 [3 , 3 , 3 , 1 , 1 , 1 , 2 , 3 , 3] 6,835615 

5 -19 9 [0 , 3 , 3 , 1 , 3 , 0 , 0 , 0 , 0] 1,264736 

     

 

Figure (5.20) below shows the power spectral density diagram of the 

actual output from the active load-pull modulation and the modeled 

output from the model. 
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Figure 5.20:PA model power spectral density diagram. 

For all tests as shown in Table, the best lowest NMSE -42,1 dB observed 

with 102 numbers of coefficients and [P1, P2, P3, M1, M2, M3, M4, M5, 

M6] are [5, 5, 5, 2, 3, 2, 2, 3, 3] respectively, P1, P2, and P3 are the Nonlinear 

orders. M1, M2, M3, M4, M5, and M6 are the memory tap lengths. The 

elapsed time is 26.45 (seconds.). For the worst highest NMSE -19 dB 

observed with 9 numbers of coefficients and [P1, P2, P3, M1, M2, M3, M4, 

M5, M6] are [0, 3, 3, 1, 3, 0, 0, 0, 0] respectively, P1, P2, and P3 are the 

Nonlinear orders. M1, M2, M3, M4, M5, and M6 are the memory tap 

lengths. The elapsed time is 1,26 (seconds.) 
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                   Figure 5. 21: NMSE vs Number of coefficients 
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6 Discussion  
Multi-Antenna TX has a large array of closely located antenna elements 

which lead to the effects of crosstalk problems after the PA. Pairing 

between two antennas may reach a high coupling based on antenna array 

design. Crosstalk leads to signal distortion and increased nonlinearity. 

The impact of antenna mutual coupling on the next-generation wireless 

cellular systems is investigated in this thesis. 

In the literature, the coupling ranges are mostly considered to be limited. 

Several studies were carried out with the considerations of antenna 

element spacing impacts on the coupling, which is quantized from low 

coupling to high coupling to around six levels.  To do so, the spacing 

between antennas was swept. In contrast to previous work, in this thesis, 

a wide range of coupling has been studied by means of varying the signal 

power leaked from different branches to the intended branch over a large 

range. 

One of the challenges for proper analysis and mitigation of coupling 

impact is to identify the different components at an antenna port, given 

that these components are super-positioned, i.e. intended signal and 

coupled signals fall on top of each other. For such cumulated signal 

components separation, active load-pull measurements have been carried 

out. 

Active load-pull modulation depends on outer sources to inject a signal 

into the input (source 1) and output (source 2) of the DUT, thereby 

controlling the coupling level (crosstalk). In addition, that it is also a way 

to disjoint those components for proper modeling and linearization, 

Active load-pull measurements in the experiments have 3 aspects: 

changing the power (crosstalk level), studying the signals in correlated 

and uncorrelated scenarios and introduce nonlinearity to crosstalk model. 

The load-pull measurement setup consists of direct input as the first input 

and the coupled signal from other branches as a second input to the PA 

in the main active load-pull modulation circuit. 

The second input not only represents the crosstalk but also introduces the 

nonlinearity which at the same time introduces load modulation. 
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The thesis findings show the following:  for output coupled signal before 

the calibration, in normal cases as crosstalk increases, the nonlinearity 

also increases. However, our results show that the nonlinearity does not 

get worse with the increase of the crosstalk level, instead, it decreases the 

nonlinearity in a phenomenon such as noise cancellation.  For example, 

as described in the Results section, when the second source is low the 

ACLR is high, and when the second source is high the ACLR is low. The 

noise cancellation affected the noise floor, so it brings the noise down 

(destructive addition). In addition, changing the phase gives a controlled 

way from correlated to uncorrelated signals, although, there is no big 

difference to use either correlated or uncorrelated approaches. 

The calibration is needed not only to have an accurate measurement but 

also to have the correct amplitude and phase of the signals as the load-

pull measurement is very sensitive and very affected by errors and 

uncertainties, so the steps must be done carefully by testing each 

component of the circuits. In this thesis, the various number of RF devices 

are being used and each component must be studied separately and 

tested multiple times to be sure they are working correctly, and this is one 

of the challenges faced during the measurements. 

After performing the active load-pull measurements, the signals follow 

the normal expectations, the input signals have a nonlinear level less than 

the output signals, and the output signals have the correct amplification 

level such as the ideal amplification of the used PA. 

The extracted signals from active load-pull modulation were used with 

their effects to create a PA model using Dual-input Memory Polynomial. 

After proper selection of the nonlinear order and memory depths, the 

NMSE level is found to be directly proportional to the number of 

coefficients as described in the Result section. The PA model can be 

further used for PA linearization which could not be achieved here in this 

thesis because of the time constraints.  
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7 Conclusions  
In wireless transmitters, in several situations, PA is one of the most 

challenging design blocks due to the trade-off between linearity and 

efficiency. Therefore, there is a high demand to study the modeling of 

power amplifier so this problem can be investigated. At the completion 

of this thesis work, the main set goals have been achieved. Goal 1 was to 

study PA furthermore, study different PA modeling and the results from 

this study can be found in the theory chapter, section 2.2 and 2.6 to 2.10. 

Goal 2 was to analyze crosstalk problems with related problems, and the 

results from this study can be found in the theory chapter, section 2.3 to 

2.6. Goal 4 and 5 were to implement, active load-pull modulation and the 

calibration methods this can be seen in chapter 4. By using an active load-

pull modulation, the transmitted and reflected signals in a MIMO 

transmitter were extracted, furthermore, the cross-talk problem was 

analyzed by using vast levels of coupling by using correlated and 

uncorrelated active load-pull modulation approaches.  In addition, 

calibration methods for extracting accurate signals and reconstruct the 

time-domain signals were used. Finally, the outcome from the load-pull 

modulation was used to achieve the final goal which creates a dual input 

PA model in advanced antenna systems with NMSE -42.1 dB. The model 

can be further used for linearization. The answers for the research 

question about the disconnection of the joint signals can be done by using 

active load-pull measurement, furthermore, studying the effect of 

crosstalk and then create a suitable PA model of further linearization 

methods. 

7.1 Ethical Considerations 

The ethical considerations of the proposed thesis work are of interest 

because of the characteristics of wireless communication and mobile 

systems. They're a lot of challenges such as security issues, risks 

connected with decentralization, increases in fraud, virtualization. the 

challenges will increase as networks become more dynamic through 

virtualization, 5G and the Internet of Things. By tapping, it is possible to 

hear the data not authorized and not intended for the listener. An 

impostor able to form data using a fake identity can modify and replay 

data sent by. The big companies such as Ericsson have some solutions for 

security issues. an end-to-end strategy is required in IoT to secure the 
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performance of IoT services. Traffic filtering and network slicing are 

provided in network security to safeguard versus the essential risks 

which meet connected industries. Identification and access control 

solutions are critical for identity validation further trust management 

[32] . So, with all security solutions from the company, it is difficult for 

this thesis to be used for bad purposes or unauthorized people can access. 

7.2 Future Work 

Work performed in this thesis paves the plan for continued investigation 

and research in the following suggested topics: 

7.2.1 Works with Different Environment  

To achieve a better result, works with a different environment are 

required, for example firstly, alternatively, of using the input signal at 

only one frequency such as that we use at 2.44 GHz, it includes a signal 

that can be applied two frequencies. Then the distortion should also be 

recognized furthermore resolved and compared with this study. 

Secondly use different types of PA, change to another type to cover more 

problems such as Chireix amplifier which has high efficiency. And finally, 

use the built test performance to simulate an advanced antenna system 

using a 2×1 linear matrix with digital beamforming configuration 

technology and extend them to the 4×1 linear matrix.  

7.2.2 Active Load Modulation Calibration Method 

The relative calibration method used in this thesis work was E Cal which 

is electronic calibration. In future work, another type as mechanical 

calibration, will be used and compare the results to be sure of the 

calibration methods. 

7.2.3 MIMO DPD 

The dual input PA model will be used to implement the linearization 

method in MIMO DPD. This will be done by using the inverse of the 

model created here in this thesis to create a digital pre-distortion method 

(DPD) of the digital beam modulation in advanced antenna system (AAS). 

By using DPD Indirect Learning Architecture ILA introduced in section 

(2.10.1), based on machine learning where a various type of coupling 

between the Power Amplifiers in AAS is removed and then have a linear 

response of unique PA, then produce a linear system as a product of 

cascaded DPD and PA. 
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7.2.4 Research Paper 

We plan to publish a research paper to further validate the ideas 

presented in this thesis. 

 

https://www.wikihow.com/Publish-a-Research-Paper
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