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CHAPTER 1 INTRODUTION 

The continue evolution of technologies containing integrated circuits (ICs) has 

allowed the processing of large volumes of data in the digital domain, at high speeds and low 

power consumption. The efforts of IC manufacturers to replace analog and digital functions in 

applications with and without semiconductors have proven extremely difficult in the field of 

radio frequency (RF) and especially in the field of filtering unwanted signals for the radio 

communication interface of mobile devices. 

Radiofrequency filtering using CMOS technology and their integration into compact 

structures is possible, but it has the disadvantage that it has much more nonlinearities than in 

the case of independent radio frequency filter structures. 

In practice, successful attempts have been made to integrate passive radio frequency 

filters into Si-based chip structures, but in terms of mass production, this is of no interest to 

manufacturers, due to the complexity of multi-band and multi-standard applications. for 

mobile radio devices. 
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These passive filters used in the radio interface of mobile communication devices 

exhibit nonlinear behaviour in terms of radio signal generation. This nonlinear behaviour can 

have various influences on the operation of mobile radio devices, as will be presented below. 

The effects of the non-linearity of the radio frequency filters (amplitude-frequency and 

the intermodulation effect) were studied in Chapter 2 where two new models of fast 

simulation were developed using the parameters S of the BAW filters (Bulk Acoustic wave). 

In chapter 3 the intermodulation effect, the amplitude-frequency effect and the second 

harmonic were analyzed by making measurements at different powers of the received signals. 

Chapter 4 deals with the influence of passive components in energy networks, 

highlighting the effects generated by them. At the same time, a new simulation model for 

energy networks in the field of frequency is proposed. 

 

CHAPTER 2 BEHAVIORAL MODELS FOR BAW POWER FILTERS 

WITH EXCITING UNI – TON 

2.1 A NEW BEHAVIORAL MODEL OF POWER BAW FILTERS FOR 

FREQUENCY ANALYSIS WITH UNI-TON EXCITES 

Power BAW resonators are weak nonlinear circuit components, and their behavioural 

models contain linear and weak nonlinear circuit elements. The latter have polynomial 

nonlinearities for which terms of order greater than one have coefficients whose values are 

much lower than 1. Such an example is shown in Fig. 2.4 where the coefficients are assigned 

to each nonlinear circuit element in the ADS simulator by the parameter "coeffs = list ()". 

The behavioural model proposed in Fig. 2.4 for a BAW power filter, with two ports 

was made as follows: 

 
Fig.2.4. Behavioural two-port model for a power BAW resonator 

 

The frequency characteristics of parameters S11, S12, S21 and S22 were measured for 

frequencies f1 and the input powers Pi with the values of interest. The measured data were 

stored in table S1 

The frequency characteristic of the output power on the second harmonic generated by 

the frequency excitation1 was measured. The obtained results were stored in the table Pr. 
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Behavioural analysis of the 2-port BAW resonator based on the above model consists 

of : calculation of the frequency response of the model f1 having the incident power P1i (the 

analysis is of type AC using the parameters S obtained from the linear interpolation of the 

data in table S1) and calculation of the frequency characteristic of the power reflected at the 

output on frequency 2f using linear interpolation of the measured data from table Pr. 

 

2.1.2.  Simulation of BAW power filters 

The accuracy of the proposed simulation model was verified by simulating a bandpass 

filter consisting of three resonators with known dimensions. (Fig. 2.5). [19] 

 
Fig.2.5. Cross section through a BAW filter with 3 resonators 

 

This filter contains two identical apodized series resonators S1 and S2 having the area 

of 32000m
2
, with resonant frequencies fs=2.1344E+9 Hz, fp=2.2035E+9Hz, quality factor 

approximately Qs=426.4 and a parallel resonator P having the area 44000 µm
2
, resonance 

frequencies fs=2.069E+9Hz, fp=2.1344E+9Hz and quality factor at fs Qs=320 (Fig. 2.6).  

 
Fig.2 6. Simplified equivalent scheme of the BAW filter with 3 resonators 

 

With circuits W1 and W2 the connections to the test equipment are simulated (see Fig. 

2.1.) having the following values for simulation: 

W1 : R= 104.9 mΩ, L= 0.7412 nH, C= 31.86 fF, 

W2 :  R= 96.8 mΩ, L= 0.645 nH C= 29.44 fF   

Following the simulation using the model proposed above, highlight that the amplitude 

- frequency effect is weak, and the measurements made are similar to the simulated values 
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(Fig. 2.7). In this case, the errors given by the model are negligible compared to the 

measurements made.  

 
Fig.2.7. Amplitude effect - frequency – measured values versus simulated values 

 

The measured values on the basis of which the above graph was drawn up are set out 

in the annex in table number 2.1. of the thesis. 

It is noted that for the amplitude-frequency effect, the nonlinear circuit model in [23] 

delivers very good results compared to experimental data. Not the same thing happens with 

the power frequency feature reflected on the output on the second harmonic of the arousal. 

The second harmonic frequency characteristic (2f) reflected at the filter output is 

shown in Fig. 2.8 . 

Two incident power values were chosen for the simulation, with 27 dbm and 32 dbm 

respectively, which were interpolated with the characteristic for the third incident power of 29 

dBm. 

Using the nonlinear circuit elements model in [10] and comparing the results with the 

measurements made, a good approximation is found in the filter pass band. For frequencies of 

values higher than this band, this circuit pattern does not yield satisfactory results. 

To correct this effect, we propose a model to interpolate from a set of measured 

frequency characteristics of the second harmonic output power. It is noted that the result 

obtained in this way is much closer to the family of experimental characteristics (red curve in 

Fig. 2.8). 

A similar algorithm can also apply to the family of characteristics that illustrate the 

amplitude-frequency effect. 
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Fig.2.8 Frequency feature for the harmonic of the second power reflected the output of the POWER 

BAW filter. 

 

This model exploits the poorly nonlinear properties of BAW power resonators, using s 

parameters that depend on the incident strength of the filter to simulate the response on the 

fundamental frequency, including the amplitude-frequency effect. The second harmonic of the 

power reflected at the filter output is represented as a separate source connected to the filter 

output, the parameters of which are calculated according to the input frequency and the 

incident input power. 

This type of model, based on a set of measurements made at different frequencies and 

varying levels of power, could solve in a simple way the problem of frequency characteristics 

of intermodulation products that occur in the case of multiple tone excitations. [25] 

 

2.1.3.  Description of the implementation of the method of simulation of 

POWER BAW filters 

Based on data in the files with parameters S, the linear interpolation method is used: 

𝑃 𝑥 = 𝑓 𝑥0 +
𝑓 𝑥1 − 𝑓 𝑥0 

𝑥1 − 𝑥0
∗ (𝑥 − 𝑥0) 

The ADS programming environment supports scripts in the form of text-editable files 

that can then be interpreted by ADS. The language in which ads instructions are written is 

similar to the commands of the C programming language, some functions being defined in the 

same way, others having their own syntax. After obtaining files with S parameters, the 

"Interpolare.ael" file opens where the instructions at the top of the file will be followed. 

The interpolation result is automatically displayed in a new open window 

automatically (Fig. 2.12) 
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Fig.2.12 Graphic result of simulation interpolation with parameters S 

 

The model thus created can reproduce amplitude effects – frequency and 

intermodulation for a wide range of incident input powers.[29] 

 

2.2.  COMPENSATION OF THE INFLUENCE OF CONNECTION WIRES FOR 

BEHAVIORAL PATTERNS OF SOME BAW POWER FILTERS. 

 

The simulation model for removing connections to POWER BAW filters was made 

based on measurements performed on a filter pass tape whose characteristics are described in 

the thesis. 

The simulation circuit model consists of a "T" filter in which: W1 and W2 are filter 

connections with test equipment, S1 (serial resonator), S2 (serial resonator), P (parallel 

resonator)(Fig. 2.13). 

 

 
Fig.2.13. The simulation model for a "T" filter with connections Modelling each connection between 

the test equipment and the filter consists of an RLC circuit Fig. 2.14 

 



Modelarea și analiza în domeniul frecvenţei, a unor circuite cu componente pasive neliniare 

9 

 
 

Fig.2.14 Equivalent model of connections to the BAW filter 

 

For resonator modelling, the resonator model with nonlinear circuit elements 

presented in head 2.1 was used. (Fig. 2.15) of the thesis. 

The behavioural model shown in Fig. 2.13 is described in the ADS (Advanced Design 

System) program. 

The behavioural model of the parallel resonator is composed of the same nonlinear 

circuit elements but with different parameters from the series:  Rm, Lm, Cm, and C0,: 

Rm=168845 Ώ, Lm=31.43e-9 H, Cm=188.3e-15 F, C0=3.1e-12F 

Connecting the W1 and T circuits and connecting the T-circuit with W2 is a cascading 

one, so any Parameter S of the assembly is the product of the corresponding S parameters of 

the two components. Since the impedance resonators series and parallel to high value Q have 

significant frequency dependence, unlike W1, the condition of adaptation between W1 and 

filter T is not met and the T filter S21 parameter cannot be extracted using property above. 

The source connected to PORT 1 in Fig. 2.13 gives a constant incident power for all 

frequencies. Its power can be changed in small increments by adjusting the power of the 

source connected to PORT1. 

Example: Fig. 2.16 represents variations in the incident power at the input port so that 

when the power is entered in the T filter, the power is constant with a value of 24 dBm. 

 
 

Fig.2.16 The power charged by the source so that at Port 1 there is a power of 24dBm (constant). 
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To validate the working method, the second harmonic frequency feature of the power 

reflected at the output port was used. 

Calculation of the reflected power at the output of the T filter, using only the 

behavioural model for the T filter, behavioural model that is powered by a constant signal 

source of 24 dBm. 

 
Fig.2.1 Comparison between simulated model and values obtained from extracting the influence of 

connections 

 

The result of the simulation according to the second method is presented in Fig. 2.1. 

As can be seen, the values extracted by the proposed method 1 are virtually the same 

as simulated values that are thus validated. Thus the proposed method is validated. [31] 

Using a procedure similar to that described above, the input power to PORT 1 is 

"calibrated" to obtain an incident power of 28 dBm and 30 dBm at the entry of the T filter 

connections. 

Transfer Feature | S21 (f) | shown in Fig. 2.22. 

 
 

Fig. 2.22. Filter transfer function T 
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It is noted that the amplitude-frequency effect can be neglected in the case of this 

filter. The power frequency feature on the 2f frequency reflected at output is given in Fig. 

2.23. 

 
Fig. 2.23. Power frequency feature reflected on output on frequency 2f 

 

2.3. CONCLUSIONS 

 

Circuit behavioural models [23], [27], [28] for the power BAW resonators and filters 

having as AlN piezoelectric material reproduce the two important non-linear effects – the 

amplitude-frequency effect and the occurrence of the upper harmonics of excitation, if these 

passive devices are with uni-tone sinusoidal signals. The parameters of these models can be 

determined in such a way that simulated responses are very close to those measured, at least 

in a certain range of frequencies and powers of excitation. 

Measurements are made using connections between the resonator (filter) and the 

sources of arousal and measuring devices. In general, these connections influence the 

measured results and, in order to build a correct model, this influence must be properly 

eliminated or minimized with acceptable errors. This chapter proposes solutions for two such 

situations. 

The model correctly reproduces the amplitude-frequency effect, but does not 

reproduce the frequency characteristic of the reflected output power on the 2f frequency 

correctly. To correct this error, a model is proposed to interpolate from a set of measured 

frequency characteristics of the second harmonic output power. The interpolation method was 

implemented using the instructions available in the programming language in the ADS 

software. 

The following is to be aimed at extracting the features of a filter (without the network of 

connections) from the values measured with this network. It is assumed that the model 

correctly reproduces the amplitude-frequency effect, but does not reproduce correctly the 

power frequency characteristic reflected on output on frequency 2f. Knowing the equivalent 
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diagram of the connection between the signal source and the filter input, the source power 

shall be calculated for each frequency of interest so that the incident power at the filter input 

has the constant value required in the reflected output frequency on frequency 2f. Using the 

nonlinear model of the filter, the result obtained is the correct one. In fact, this is a model that 

uses high signal S parameters, used for the first time in solving the problem of compensating 

for the influence of connections of a POWER BAW filter. This way you can correctly 

determine the characteristics of a filter without calculating results affected by this. 

 

CHAPTER 3 HIGH SIGNAL BEHAVIORAL MODELS FOR 

FREQUENCY ANALYSIS OF NON-LINEAR CIRCUITS WITH 

MULTI-TON EXCITATION  

3.1.  MĂSURAREA PRODUSULUI DE INTERMODULAȚIE PENTRU 

FILTRUL EPCOS B39202B8004P810 

3.1.1.  Measurement method 

The diagram and installation of work used to measure intermodulation products are 

shown in the figures 3.1 and 3.2. 

 
 

Fig. 3. 1 Scheme for measuring intermodulation products 

 

The first measured filter is the EPCOS B39202B8004P810 duplexer designed to work 

for frequency bands: 1852.4 MHz – 1907.6 MHz for Tx signals and 1932.4 MHz -1987.6 

MHz for antenna signals. These specifications correspond to the W-CDMA bands. [45] 

 
 

Fig. 3. 2 Laboratory installation for measuring intermodulation products 
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I. Connects to the TX terminal of the duplexer filter in the study, the sinusoidal 

signal with f = 1880 MHz generated together with its second harmonic 3760 MHz. , while its 

second harmonic, is attenuated by 47 dB on the same path. In addition, on the Tx-Ant path the 

frequency signal f is attenuated only by 1dB, while its second harmonic is attenuated by 19 

dB. 

 
Fig. 3.3. Attenuation of the fundamental 1.88 GHz signal containing and the second harmonic on the 

Tx-Rx path 

 

II. Connect to the TX terminal of the duplexer filter in the study, with the 

sinusoidal signal of 0dBm having the second harmonic frequency f=3760 MHz (Fig. 3.4). It is 

attenuated with 26 dB on the Tx-Ant path and 52dB on the Tx-Rx path.  

 
Fig. 3.4. Attenuation of the second harmonic of the 1.88 GHz signal without the fundamental 

component on the Tx-Rx path 

 

It follows from these measurements that a generator in the emission band (with or 

without any second harmonic), mounted at the Tx terminal of the duplexer filter, and does not 

generate a significant 2fTx frequency component at the Rx terminal. 

The following experiments refer to the possibility that the second harmonic of the Tx 

signal generated by the power amplifier (Fig. 3.2) contributes to the development of the 

measured, frequency 2* fTx - fAnt intermodulation product. 

 
Fig. 3. 5 Frequency signal propagation scheme 2 f through duplex filter 
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III. Fig. 3.5 data the measured values illustrating the propagation of the 2fTx 

frequency signal through the power amplifier chain – duplexer filter. It follows that this 

second harmonic of the Tx signal generator cannot produce the 2fTx -fAnt frequency 

intermodulation product. 

IV. Finally, a fundamental component of high signal (0 dBm), associated with a 

second harmonic of - 63 dBm is applied to the power amplifier circuit - duplexer filter (Fig. 

3.6). 

 
Fig. 3.6. Block scheme for determining the intermodulation product 

 

In this case the fundamental component is amplified by 29 dB and applied to the Tx 

terminal of the duplexer filter. This signal is attenuated to the Rx terminal with 57 dB and at 

the 2 dB Ant terminal. Moreover, the second 3760 MHz harmonic is amplified by 30 dB in 

the amplifier, being attenuated by 27 dB on the Tx-Rx path and amplified by 8 dB on the Tx-

Ant path. 2fTx-fAnt frequency measured at Rx terminal. 

In conclusion, also taking into account the known phenomenon of the production of 

the second harmonic of arousal in any BAW power filter [19], [28], [33] it is clear that the 

frequency intermodulation product 2fTx-fAnt  is generated in the duplexer filter. 

3.2. 2.  Measurement results 

The values of the intermodulation product 2f1-f2, measured at the Rx terminal, when 

the signal with the frequency f1 is applied to the terminal Tx and the signal with the 

frequency f2 is applied to the terminal Ant are shown in the following three figures.. 

The measured values, used to make the graph in Fig. 3.7 can be found in the annex, in 

table3-1 of the thesis. 

 
 

Fig. 3.7 Intermodulation product 2f1-f2=1990 MHz, f1=1882 MHz, f2=1774MHz 
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The reference sensitivity for operating band II, which is the frequency band for which 

this filter was manufactured, is -120 dBm [11]. Any intermodulation product that has been 

measured to be greater than this value is applied to the input of the low noise amplifier of the 

receiver and can be considered as a noise that prevents a good quality demodulation of the 

received signal. 

 
Fig. 3.8 Intermodulation product 2f1-f2=1934 MHz, f1=1854 MHz, f2=1744 MHz 

 

The measured values used to make the graph in Fig. 3.8 are found in the thesis annex 

in Table 3-2 

 
Fig. 3.9 Intermodulation product 2f1-f2=1960 MHz, f1=1881 MHz, f2=1802 MHz 

 

The measured values used to make the graph in Fig. 3.9 are found in the thesis annex 

in Table 3-3. 

 

3.3.  MEASUREMENT OF THE INTERMODULATION PRODUCT FOR 

QORVO QPQ1282 FILTER 

3.3.1.  Transfer function characteristic of TX- ANT and ANT-RX for 

duplexer filters 

QPQ1282 type duplexer filter manufactured by Qorvo, filter characterized by: TX 

band: 1920 - 1980 MHz, RX band 2110 - 2170 MHz, corresponding to band 1 for signals 

from the LTE standard, with a bandwidth of 60MHz. Given a certain uncertainty regarding 

the characteristics of the filter tested, we measured the transfer characteristics TX-ANT and 

ANT-RX of this filter. 
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The assembly used to determine the TX-ANT transfer characteristic is composed of 

two Keysight sinusoidal signal generators, a spectrum analyzer, an RF amplifier, an attenuator 

for the high signal protection of the spectrum analyzer, the QPQ1282 filter, and elements 

shown in Fig. 3.11. 

 
Fig. 3.11 Diagram block for lifting the TX-ANT feature for the QPQ1282 filter 

 

The amplifier used in the montages in Fig. 3.11 and 3.13 is TQP9111 (see Appendix in 

thesis). 

 
 

Fig. 3. 12. TX-ANT transfer feature for Qorvo QPQ1218 filter at constant power to TX port 

 

The values on the basis of which the above graph was made are contained in Table No 

3-4 of the annex of this thesis. 

Similar installation is used to measure the ANT-RX transfer feature  

 
 

Fig. 3.13. Installation block diagram used to lift ant-rx transfer feature 
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The values on the basis of which the graph below was made are contained in Table No 

3-5 of the annex to the sentence. 

 

 
Fig. 3. 14. Transfer characteristic of ANT-RX, at constant power on gate ANT for  Qorvo QPQ1218 

filter 

 

3.3.2.  Frequency characteristics of intermodulation products at constant 

emission power 

The values of the intermodulation frequencies were determined by assuming that a 

frequency signal f2 of some origin is applied to the ANT, so that together with the frequency 

signal f1 applied to TX, it produces a frequency intermodulation signal 2f1-f2, the signal of  

high frequency to be within the bandwidth of the ANT - RX feature. 

 
 

Fig. 3. 15 Diagram block for mounting used to determine the intermodulation product at Quorvo filter 

QPQ1282 

 

For the determination of the intermodulation product at constant power, fTx = 1948 

MHz was chosen, resulting in the frequency values of the blue intermodulation products in 

Table 3.6. TX, from the thesis. 

Following the measurements made using the assembly of Fig. 3.15 the frequency 
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the filter in the test. Measurements were performed for the frequency bands 1920-1980 MHz 

(TX-ANT) and 2110-2170 MHz (ANT-RX). 

 
Fig. 3.16 Qorvo QPQ1218 Qorvo filter feature for PTX=27dbm and PANT= -55dbm, -50 dbm, -45 

dbm 

 

The values on the basis of which the above graph was made can be found in table 

no.3-7 of the sentence. 

The reference sensitivity for the operating band for which this filter was manufactured 

is -140 dBm [11], so signals of the size of those measured can disrupt receiver operation. 

Also, isolation of frequencies in the affected area is not possible due to the fact that 

GSM networks use the TDMA (time domain multiple access) or FDMA (frequency domain 

multiple access) [45] algorithm for efficient use of the radio spectrum. 

 

3.3. CONCLUZII 

For the Epcos B39202B8004P810 filter as well as for the Quorvo QPQ1282 filter, an 

intermodulation product of significant value between the Tx and Ant signals of a power BAW 

duplex filter manufactured with AlN was measured. This signal has the frequency 2fTx -fAnt, 

where fAnt comes from an arbitrary source. 

It has been shown that the presence of this intermodulation product could prevent a 

good quality reception of the antenna signal from the filter bandwidth. 

This signal has been shown to occur due to nonlinear behaviour of the BAW AlN 

filter. This behaviour has two consequences: the second harmonic generation of the Tx signal 

2f1 and the generation of intermodulation 2 f1-f2. These consequences cannot be eliminated 

by using the anti-serial connection of resonators. [36] 
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CHAPTER 4 FREQUENCY ANALYSIS OF ENERGY SYSTEMS WITH 

HOUSEHOLD CONSUMERS  

4.1.  MODELE DE TIP SURSE DE CURENT 

4.1.1 Rectifier with a diode  

The circuit in Fig. 4.1 is powered by a sine source of voltage with: 

V = 220 V and f = 50 Hz, with C1 = 2 mF and R1 = 37 Ω.  

 
Fig. 4.1 Rectifier with diode and C filter  

 

The rectifier is connected to the source via a cable with section of 10 mm
2
 and a length of 30 m (Rline = 

0.1104 Ω, Lline = 72 μH). The circuit model, is described by the power supplied, ordered by the 

fundamental component of the rectifier input voltage (defined by the V1 and faze phase(V1)), shown in 

Fig. 4.2. The FDD1 (frequency defined device) circuit element is defined by the parameters of the 

current sources corresponding to the harmonics of significant amplitudes (in this case the continuous, 

fundamental component of 50 Hz and the other until the 20th harmonic is included).

 

Fig. 4. 2 Linearly controlled current source model for the circuit in Fig. 4.1 

 

The description of these ordered sources, in the case of a rectifier with a diode, is 

detailed in the thesis. 

 
Fig. 4. 3 Test circuit for highlighting harmonics produced by nonlinear circuit elements. 

 

In order to simulate by the harmonic balance method, a test circuit (Fig. 4.3) was 

considered consisting of ten rectifiers with one diode, identical, connected to a sinusoidal 

source having the following circuit parameters: 
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f = 50 Hz and V = 220 V, cable cross-section de 50 mm
2
 and cable length de 30 m 

with Rline1 = 0,0348 Ω, Lline1 = 57,6 μH 

 

4.1.2.  Two diode rectifier 

Starting from the rectifier module with one diode, the analysis for the two diode 

rectifiers can be extended (Fig. 4.4). 

The circuit in Fig. 4.4 represents the simplified model of a fluorescent lamp. 

The simulation model of a two-diode rectifier for the ADS program is as described in 

the thesis (Equations 4.2). 

 
Fig. 4. 4 Two-diode rectifier model [46], [47] 

 

It was simulated a test circuit, with ten rectifiers, with two diodes, and sinusoidal 

signal is presented in Fig. 4.3. 

4.1.3.  Simulation results 

The simulation results using the models mentioned above and using the ADS 

(Advanced Design System) simulation environment were compared with the results obtained 

by simulating the same energy networks using the transient analysis method. 

The graphs below present the results - the waveforms and the red spectral lines were 

obtained using classical nonlinear models and the blue results are obtained using the 

frequency domain models. 

 
Fig. 4. 5 The waveform of the current through the voltage source for the model in Fig. 4.2. with 

rectifiers with a diode 
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Fig. 4. 6 The spectrum of the harmonics of the current through the voltage source for the circuit in fig. 

4.2 with rectifiers with a diode in Fig. 4.3 

 

The results obtained using the classical models described in the time domain 

(Equations 4.1) are almost identical to those calculated using the proposed model (see Fig. 4.5 

and Fig. 4.6, and the processing time is shorter in the case of the proposed model. Similar 

results were also obtained for the harmonic balance simulation of the test circuit. 

 
Fig. 4. 7 The waveform of the current through the voltage source for the circuit in Fig. 4.3 with two 

diode rectifiers 

 
Fig. 4. 8 The spectrum of the current through the voltage source for the circuit in Fig. 4.3 with two 

diode rectifiers 
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4.2.  ATTENUATION OF THE THIRD HARMONIC CURRENT 

 

The attenuation effect of the current harmonics is found in the circuits with fluorescent 

lamps and consists in attenuating the third harmonic of the load current with the increase of 

the third harmonic voltage of the voltage source supplying the fluorescent lamp. 

This effect can be observed in the test circuit in which the two-diode rectifier model, 

fed from a sinusoidal voltage source, was introduced for relatively large lengths of the power 

cord. The variation of the input voltage of the rectifier with two diodes, relative to the line 

length is shown in Fig. 4.9. and illustrated in FIG. 4.10 and Fig. 4.11. 

 
Fig. 4. 9 Harmonics of fluorescent lamp voltage (two-diode rectifier) depending on the length of the 

line 

 
Fig. 4. 10 Harmonics of fluorescent lamp voltage (two-diode rectifier) depending on line length – 

detail 

 
Fig. 4. 11 Input current harmonics (fundamental and harmonics 3, 5, 7) for the fluorescent lamp, 

depending on the line length 
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These results are obtained using time-domain analysis and classical models for 

nonlinear consumers. The proposed model in the frequency domain only partially reproduces 

the effect of the attenuation of the third harmonic current under the conditions mentioned 

above. 

In the case of household appliances, the sinusoidal source could in principle be placed 

at a distance greater than 60 m of load, so we added a third harmonic component to the 

sinusoidal voltage of the source in the test circuit in Fig. 4.3. 

Considering the above, for the circuit with 10 two-diode rectifiers, a frequency 

component 150 Hz and voltage V3 that can have values of 5 V or 10 V and an initial phase of 

-96.69 degrees have been added to the voltage source. The waveform of the current through 

the voltage source, calculated for the values V3 = 0 V, V3 = 5 V and V3 = 10 V, using the 

classical nonlinear models described in the time domain, is shown in Figures 4.12 and 4.13 

together with the obtained waveform. using the proposed model (model) 

.  

Fig. 4. 12 Waveform of the current through the voltage source in the test circuit 

 
Fig. 4. 13 Waveform of the current through the voltage source in the test circuit - detail 

 

4.3. CONCLUSION 

New models have been proposed to analyze non-linear receivers in a single-phase 

energy network. The models, described in the frequency field, are used in the harmonic 

balance analysis and have been implemented in the ADS program. There were simulations of 

circuits containing rectifiers with a diode and two diodes. 

[
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The results of these simulations show that these methods analyze a circuit using a 

computation time with an order of magnitude smaller than that required for the transient 

analysis using models described by time formulated equations. This result is explained by the 

fact that, using the models described in the field of time, the ADS program must use the 

"source stepping" procedure. This process significantly extends the field of applications for 

which the harmonic balance method implemented in the ADS is convergent, as opposed to the 

harmonic balance method implemented in the APLAC program, which in such cases does not 

provide the correct solution. This result is obtained by the initial reduction (by one or two 

orders of magnitude) of the amplitudes of the independent sources in the circuit so that the 

harmonic balance method is convergent (the overall error for the whole circuit is below a 

certain limit). Further these amplitudes are gradually increased to the nominal values, 

considering as an initial approximation the result of the previous analysis in which these 

amplitudes are smaller. Using the models proposed by us this process is not necessary. 

It was found that the analysis with the proposed models gives acceptable results and if 

the third harmonic amplitude of the voltage at the consumer terminals does not exceed 2.2% 

of the amplitude of the fundamental component of this voltage. 

 

CHAPTER 5. CONCLUSIONS AND ORIGINAL CONTRIBUTIONS 

5.1.  GENERAL CONCLUSIONS 

The work begins with Chapter 1, an introduction that has three parts in which it is 

presented: 

• Non-linearity in the analogue radio frequency interface of mobile communications 

devices, a chapter to which many of the contributions of this thesis could be added. 

• Bulk Acoustic Wave (BAW) resonators with piezoelectric material AlN, their 

construction and properties, insisting on radio frequency applications. 

• Small and high signal models of power BAW resonators. Their operation is affected 

by nonlinear effects such as amplitude-frequency effect and intermodulation effect. Described 

are the small and high signal circuit models of these resonators, which simulate the nonlinear 

effects mentioned. The behavioural models of the BAW power filters constructed with such 

resonators are presented. 

• Methods of calculating the permanent response of energy systems with nonlinear 

consumers with emphasis on the analysis of networks with non-linear household consumers. 

There are highlighted the classical methods of analysis in the field of time, as well as methods 

of analysis in the field of frequency with limited applicability to simple examples. 

Chapter 2 deals with behavioural models for BAW power filters that operate with one-

tone excitation. In subchapter 2.1. an original way of simulating the operation of power BAW 

filters based on the use of high signal S parameters is presented. These parameters, which 

depend on the frequency and power incident at the input, are described in the form of tables. 

The analysis, implemented in the ADS program, is reduced to interpolation starting from the 
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data in these tables. This method allows the simulation times to be reduced compared to the 

case of using the circuit models that have to be analyzed with relatively complicated 

numerical algorithms. In subchapter 2.2 is presented a method of compensating the influence 

of the connection wires, which allows the selection of the filter parameters without 

connections, starting from the measured parameters of the filter with connection wires. This 

method is used to determine the frequency characteristic of the second harmonic of the power 

reflected at the output port. 

Chapter 3 presents some high-signal behavioural models for frequency analysis of 

duplex filters. By the measurements made it was identified that, under certain conditions, the 

received useful signal can be disturbed by a parasitic signal outside the radio spectrum of the 

filter. Basically, inside the filter a mixing occurs between the frequency signal f1 emitted by 

the transmitter (Tx) and a frequency signal f2 received at the antenna (Ant), signal outside the 

Ant-Rx filter band of the duplexer filter. The signal resulting as a frequency intermodulation 

product 2 f1 -f2 is found at the receiving port (Rx), which is in the filter's pass band, and 

having a power large enough to cover the useful signal to be received correctly. Epcos 

B39202B8004P810 and Qorvo QPQ1282 filters were analyzed. Through a series of 

measurements it has been shown that the frequency component 2f1 is generated in the 

duplexer filter, as well as the frequency component 2f1-f2. The amplitude characteristics of 

the intermodulation product were measured according to the amplitude of the signals applied 

to the Tx and Ant terminals. These characteristics were high for pairs (f1 = 1882 MHz, f2 = 

1774MHz), (f1 = 1854 MHz, f2 = 1744 MHz), and (f1 = 1881 MHz, f2 = 1802 MHz) for the 

Epcos B39202B8004P810 filter. It has been shown that under these conditions amplitudes of 

the intermodulation product can be obtained greater than the reference sensitivity of -

120dBm, corresponding to this frequency band. For the Qorvo QPQ1282 filter, the frequency 

characteristics of the intermodulation product for the receiving band (2110 MHz - 2170 MHz) 

were measured considering the applied power at Tx of 27 dBm and the signal strengths at Ant 

of -55dBm, -50dBm, -45dBm. The reference sensitivity in the receiver band being -140dBm, 

the measured signal may disrupt the receiver's operation. 

Chapter 4 presents a new method for analyzing the frequency of energy systems with 

non-linear household consumers. This method is based on the fact that in a low frequency 

network all consumers are supplied with approximately the same voltage, and the value of the 

fundamental component of this voltage does not vary by more than 10% around the nominal 

value. As a result, the current harmonics of any non-linear consumer depend linearly only on 

the parameters of the fundamental component of the voltage at the terminals of this consumer. 

This model can be easily implemented in the ADS program and leads to a reduction in order 

of magnitude of the computation time, compared to the commonly used time domain analysis. 

This advantage is important when optimizing the placement of devices that reduce the 

complementary power consumed by the network (passive and active filters). 

5.2.  ORIGINAL CONTRIBUTION 

Chapter 2 proposes a new model for the frequency characteristic of the Pout2f power 

reflected on the frequency 2f at the output of a BAW filter excited on the frequency f. This 

model is based on the table of Pout2f (f) characteristics measured for a set of input powers. 

The desired characteristic is quickly determined by interpolation starting from the data in the 
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mentioned table, the algorithm being implemented in the ADS program. Due to the short 

computation time, this model can be used to optimize the design of a power BAW filter. 

In the same chapter we propose a new algorithm to eliminate the influence of the 

connection wires on the frequency characteristic of the Pout2f power for a frequency-excited 

BAW filter f. This algorithm is based on a simulation of the circuit with the input and output 

connections excited by a source whose power is calculated so that at the actual input of the 

filter (after the input connection) we have an incident power constant of the desired value. 

The simulation is done with the ADS program using nonlinear circuit models of power BAW 

resonators. This algorithm can be useful in designing BAW power filters. 

In Chapter 3 the intermodulation product with frequency 2f1-f2 (f1-frequency Tx, f2-

frequency of an antenna picked up signal) is identified by measurements and it is shown that 

this signal measured at the Rx terminal may disturb the functioning of the mobile phone. The 

measurements were made for the Epcos B39202B8004P810 and Qorvo QPQ1282 duplexers. 

For this purpose, duplexer filters were assembled (involving the design of wiring and 

assembly of the BAW EPCOS filters) and an RF amplifier for the 1800-2100 MHz band. 

Chapter 4 presents new models in the field of frequency for non-linear household 

consumers in single-phase networks. The implementation of this method in the ADS program 

leads to a reduction of the computing time by about an order of magnitude, which makes them 

very suitable for solving problems of optimizing the losses in the energy networks. 

5.3.  FURTHER DEVELOPMENT PERSPECTIVES 

The models and rapid calculation methods discussed in Chapter 2 can be improved 

and used in designing power BAW filters with AlN. 

A more detailed study of the intermodulation products that are generated in the duplex 

filters built into the BAW AlN power technology may be the subject of future research. 

Measuring the effects of these intermodulation products on a mobile phone would be a very 

interesting objective. 

Frequency models elaborated in this thesis can be extended to consumers with 

controlled opening angle such as thyristors or IGBT mounts. 
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