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Abstract: In this article, analysis, designing, and generation of soliton waves are performed using nonlinear
transmission lines (NLTLs). As a result of performing mathematical analysis processes, circuit parameters
and values are determined. A particle swarm optimization (PSO) algorithm is used to determine the
parameters and their values. The parameters obtained from the optimization are used to design a nonlinear
transmission line. The circuit designed over the determined parameters is simulated with the LTspice
program. Then, experiments of the created circuit design are carried out. The simulation data and the
experimental implementation data are compared for the nonlinear transmission line circuit. Simulation and
experiment results are found to be compatible.

Keywords: Soliton, electric soliton oscillator, soliton generator, nonlinear transmission line (NLTL),
particle swarm optimization (PSO)

Parcacik Siirii Optimizasyon (PSO) Algoritmasi Kullamlarak Dogrusal Olmayan iletim Hatlarinda
Soliton Dalga Uretimi

Oz: Bu makalede, dogrusal olmayan iletim hatlar1 kullanilarak, soliton dalgasmin analizi, tasarim
modellemesi, ve liretimi ger¢eklestirilmistir. Matematiksel analiz iglemlerinin gergeklestirilmesi sonucu
devre parametreleri ve degerleri belirlenmistir. Parametreleri ve degerlerini belirlemek i¢in parcacik siirii
optimizasyonu (PSO) algoritmasi kullanilmigtir. Optimizasyon sonucunda elde edilen parametreler
kullanilarak dogrusal olmayan iletim hatti tasarlanmistir. Belirlenen parametreler iizerinden tasarlanan
devre, LTspice program ile simiile edilmistir. Daha sonra, olusturulan devre tasariminin deneyleri
gerceklestirilmistir. Dogrusal olmayan iletim hatt1 devresinin; simulasyon verileri ile deneysel ger¢cekleme
verileri karsilastirilmistir. Simulasyon verileri ve deneysel gercekleme verilerinin uyumlu oldugu
gorilmiistiir.
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1. INTRODUCTION

Soliton waves produced by using nonlinear transmission lines (NLTLs) can be used for data
transfer in communication systems, military radar systems, and advancing humanoid robot
studies. In addition; It can be used in communication, modulating the signal and carrying this
modulated signal over long distances.

The first observation of the soliton was due to natural phenomena. The first observed soliton
was the result of a water wave traveling along a narrow and nonlinear channel (Russell,1845).
Another example of soliton formation is fiber optics where nonlinear waves are observed. Soliton
production in systems used in fiber optic studies is done with nonlinear optical elements
(Hasegawa and Tappert ,1973). Soliton waves produced by electrical soliton systems are
implemented using nonlinear transmission lines and nonlinear electronic elements (Ricketts et
al.,2006; Yildirim et al.,2009; Yildirim and Ham,2014; Aziz et al.,2020). A self-starting nonlinear
circuit is designed using ambient noise to generate a soliton pulse. (Ricketts et al.,2006; Ricketts
et al.,2007). Soliton waves are produced by the propagation of a rectangular wave given at the
input along a nonlinear line (Neto et al.,2020; Neto et al.,2016; Elizondo-Decanini et al.,2015;
Nikoo et al.,2017; Aksoy and Yenikaya,2021). In the NLTL design, soliton wave generation was
made for different linear inductor values (Xie et al.,2018). A soliton wave was generated using
hybrid NLTL (Rossi and Rizz0,2009; Neto et al.,2018). Soliton generation has been carried out
for high power at microwave frequencies (Ikezi et al.,1988; Brown and Smith,1997; Darling and
Smith,2008). The soliton wave generation performances of the rectangular, half-sine, and triangle
waves given in the introduction were examined and it was seen that the rectangular wave was the
most appropriate (Rangel et al.,2016). RF soliton waves with a frequency of 200MHz were
produced, and double-backed horn antennas were used to radiate this RF wave (Raimundi et al.,
2018). Theoretical analyzes were made for the NLTL line and soliton wave generation was
performed using the results of these theoretical analyzes (Nikoo et al.,2017; Nikoo et al.,2018).
They modeled a soliton generator design that can generate soliton waves without continuously
using the rectangular wave given at the input (Azad et al.,2020).

In this study; An approach is proposed to predetermine the central frequency value resulting
from soliton wave generation in lossless situations in NLTL circuits. Firstly; in NLTL,
mathematical analysis results of soliton waves are used for central frequency values. Then, by
using mathematical analysis result equations, circuit parameters, and circuit element values are
decided, and the PSO algorithm is used for these determinations. Its difference from other studies
in the literature is that the PSO algorithm is used and soliton waves can be produced at desired
central frequency values. NLTL element values are determined by optimizing the circuit using
the PSO algorithm. NLTL line circuits are set up for the determined circuit element values. The
simulation applications of the established NLTL circuits are modeled. Then, the experimental
application of the nonlinear line circuit is carried out. The compatibility between the simulation
results and the experimental application results for the modeled circuit is also clearly seen with
the data obtained using the PSO algorithm.

This paper is organized into 6 sections. In Section 2, theoretical analysis has been performed
for NLTLs. Section 3, the PSO algorithm used in circuit design is introduced. Section 4, the
simulation application of the modeled circuit is performed using the data obtained as a result of
the PSO algorithm. Section 5, experiment results are shown for the circuit that is simulated.
Finally, section 6 comprises the conclusion.
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2. THEORITICAL ANALYSIS OF THE NONLINEAR TRANSMISSION LINES AND
ELECTRICAL SOLITON

The basic elements of NLTL circuits are inductors and capacitors. At least one of these two

basic elements in the NLTL circuit must be a nonlinear element. Nonlinear capacitors and
linear inductors are used in our theoretical analysis.

E\; cv) E; V)

Figure 1:
Basic NLTL design modeling

The model used in the basic NLTL design is shown in Fig. 1. In this circuit, inductors (L)
and capacitors (C(V)) are shown, which is formulated in Eq. (1) and Eq. (2). In Fig. 1, the circuit
elements used for NLTLs are the linear element inductor, and the nonlinear element is the
capacitive diode. This circuit is section of the larger NLTL. The basic characteristic Eq. (1) of
the nonlinear capacitor is as follows.

C'o
cw)=—2°2__
Vi

In this equation, V; input voltage value, Vj; diode voltage, Cj,; unbiased diode junction
capacitance, and M; referred to as the nonlinear factor. Vj, Cjo, and M are the values found over
datasheet for each nonlinear capacitor. The NLTL characteristic impedance formula is as follows

(NikOO and Hasherni, 201 /)
NLT L( l) . C(‘ ,i)

In Eq. (2); the characteristic impedance (Zyp11.) formula is given for NLTL, which is shown in
its simple form in Fig.1. and its general form in Fig.3. L; is the inductor value, V; ; is the revised
input value, and C(V); is the nonlinear capacitor value given in Eq. (2).

One of the important parameters for the waves produced on the NLTL is the frequency. The
central frequency formula for lossless circuit of soliton waves described in Fig. 2 is as in Eq. (3)
(Nikoo et al.,2018).
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034 1 Rioaa + 0.33Zy1r (V)
1+ /n/220 \/LC(V;) 0-89R10aa + 0.49Zy 1, (Vi)

3)

Eq. (3) shows the central frequency formula for load on the NLTL in Fig. 3. Besides, a simple
visualization in Fig. 2 is presented for a result of the Eq. (3). L; inductor value, C(V); nonlinear
capacitor value, Ry ,.q; load impedance, Zyy11; characteristic impedance found in Eq. (2), n;
describes the number of each element. At the same time, this equation is the basic formula used
for the optimization algorithm.
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Figure 2:
Sample of a soliton wave generated at the end of the NLTL line

3. NLTL DESIGN USING PSO ALGORITHM

In order to solve different systemic problems in daily life, we may need to try many situations
using trial and error methods. In this case, since the use of trial and error methods will cause time
and cost less, the use of optimization algorithms will be efficient. There are different optimization
algorithms in the literature, which are examples of many studies, some of which are PSO, genetic
algorithm (GA), and differential evolutionary (DE) algorithm. The PSO algorithm, which we used
in this study and also used in many other studies, has been the reason for preference in terms of
its success in problem-solving and ease of implementation.

In previous studies; the NLTL circuit is designed using the trial and error method, taking the
theoretically found equations as reference. However, this is inefficient in terms of time and circuit
element cost. In this study; before the NLTL circuit is designed, the PSO algorithm is used to
determine the circuit element values at the desired frequency.
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RLoad

Figure 3:
Standard Nonlinear Transmission Line used to produce for soliton wave.

In Fig. 3; the circuit is an example NLTL design which is used for soliton generation. The
rectangular signal given at the input, the source resistor Rgep, inductor, the diode as the
nonlinear element, and the load resistor R 44 constitute our NLTL circuit.
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Figure 4:
PSO algorithm used for soliton wave modeling
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The flow chart of the PSO algorithm used in this study is shown in Fig. 4. Firstly, in Fig. 4; in the
PSO algorithm whose diagram is shown, nonlinear capacitive diode parameters, maximum central
frequency value (fmax), personel best (pbest), globel best (gbest), velocity value, maximum
iteration (itermax) value, initial values required for optimization are explained. The cl,c2,w
values are the constants used for the velocity values in the PSO algorithm, which can be important
for faster results. From the initial values required for PSO; c1 and c¢2; 2, w is chosen as 0.99. The
initial velocity is zero, the itermax value is 1000. Initial fmax values are chosen as (17,20,30,70)
MHz, respectively. Later on; we created our first version by determining the value ranges of the
inductor, input voltage and total circuit elements separately and randomly. Ric.a value is
determined as 1000Q2. Inductor (L) value range is adjusted between 0.1uH and 100uH, revised
input voltage (V;) value range is between 0.1V and 30V, number of circuits element (n) range is
from 2 to 40. The central frequency value is calculated in Eq. (3). If the fmax frequency value
given at the beginning, and the central frequency value calculated in the Eq. (3) are almost equal,
the most suitable parameter values are found. If different; enters iteration. If it does not satisfy the
iteration condition; the loop returns to the beginning and the iter value is reset. If it satisfies the
iteration condition; firstly, the best value and position of pbest will be updated. Velocity values
and positions are updated. Maximum speed values are calculated for 3 different parameter values:
these are; inductor value, input voltage, number of circuit elements. The global best(gbest) values
and locations are updated. The new central frequency value is calculated according to the updated
values. The equality between the maximum frequency value determined at the beginning and the
calculated central frequency value is checked and if different, the iteration is repeated. If the
values are equal, the most appropriate pbest and gbest values are displayed. The circuit is modeled
for the most suitable NLTL design elements found. Thus, there is an inductor, input voltage and
a set of circuit elements for the desired center frequency. As a result of PSO; the NLTL design is
carried out without any trial and error method.

Created with PSO algorithm; parametric results obtained for the determined central frequency
values; shown in Table 1, Table 2, Table 3 and Table 4 below.

Table 1. PSO algorithm design results for 17MHz frequency

Designed circuit | Inductor value Revised input Each of circuit | Suitable
model (uH) voltage value(V) | element value diode
type
D1 L=5.6 8.00 n=7 IN5819
D2 L=7.86 3.02 n=13 MV2109
D3 L=38.0 14.63 n=26 BB910
D4 L=7.80 2.60 n=18 MV209
D5 L=24.0 9.18 n=7 7C744
Table 2. PSO algorithm design results for 20MHz frequency
Designed circuit | Inductor value Revised input Each of circuit | Suitable
model (nuH) voltage value(V) | element value diode
type
D1 L=3.10 7.21 n=21 IN5819
D2 L=6.40 5.60 n=13 MV2109
D3 L=5.60 1.40 n=22 BB910
D4 L=8.80 6.78 n=31 MV209
D5 L=7.20 1.21 n=35 7C744
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Table 3. PSO algorithm design results for 30MHz frequency

Designed circuit | Inductor value Revised input Each of circuit | Suitable
model (nH) voltage value(V) | element value diode
type
D1 L=4.30 29.75 n=7 IN5819
D2 L=4.50 12.65 n=12 MV2109
D3 L=6.40 3.46 n=8 BB910
D4 L=6.0 8.86 n=17 MV209
D5 L=7.10 12.1 n=28 7C744
Table 4. PSO algorithm design results for 70MHz frequency
Designed Inductor value Revised input Each of circuit | Suitable
circuit model (nH) voltage value(V) | element value diode
type
D1 L=0.50 20.1 n=22 IN5819
D2 L=0.70 4.72 n=4 MV2109
D3 L=2.70 9.51 n=9 BB910
D4 L=0.72 3.74 n=12 MV209
D5 L=2.13 17.1 n=6 7C744

In the tables; inductor value, revised input voltage value, element number of each inductor and
capacitive diode, nonlinear diode types are explained. Each table is obtained for different center
frequency values. Table 1; 17MHz(=58ns), Table 2; 20MHz(50ns), Table 3; 30MHz(=34ns),
Table 4; 70MHz (=14ns), shows the circuit element parameters resulting from the PSO algorithm

for the central frequency value.

4. SIMULATION RESULTS

Using the PSO algorithm; 4 different table results are shown for different frequency values

in NLTL circuits. The circuits are established for the NLTL element values determined by using

the results from the tables. NLTL circuits are simulated for each design model.
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Figure 5b:
Simulation results for alternate designs shown in Table 2
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Simulation results for alternate designs shown in Table 3
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Figure 5d:
Simulation results for alternate designs shown in Table 4
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According to the Fig. 5a,5b,5¢, and 5d; by using the Eq. (3), simulation results for different
center frequency values in the result of the PSO algorithm are shown. Table 1; Fig. 5a, Table 2;
Fig. 5b, Table 3; Fig. 5c, Table 4; Fig. 5d are shown the design model figures. Morever; based on
the result values of the tables, simulations are carried out for different circuit designs such as D1,
D2, D3, D4, and D5 at desired frequencies. Frequencies used for the performed samples; it is
selected as 17 MHz(=58ns), 20MHz(50ns), 30MHz(=34ns), and 70MHz(=14ns).

5. EXPERIMENTAL RESULTS

Circuit designs are simulated using the tables given above. Then, one of these circuit designs,
experiments were carried out for a model with D1 in Table 1. In this model, IN5819 Schottky
diode, Rgen; 500 and Ry g,q; 1000Q resistance values, are used. Gw Instek AFG-2125 signal
function generator and Tektronix DPO2014 signal oscilloscope are used to test the circuit. The
experimental environment in which this oscilloscope, signal generator, and circuit design is used
is shown in figure 6.

Figure 6:
Example of experimental setup used for soliton wave generation

397



Aksoy A., Yenikaya S.: Soliton Wave Gnration. on Noninr. Trnsmsn. Lins. Using Prtcl. Swrm. Optm. Alg.

Run Trig"d

Moise Filter Off

J[200ns 0.00000 | @ 440 1,10000k

Figure 7:
Input voltage result of D1 design in Table 1
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Figure 8:
Experiment results for D1 design shown in Table 1

The experiment results for the 17MHz frequency value are shown in Table 1, showing that the
model belongs to the D1 design. In Fig. 7, the input signal of the model, and in Fig. 8, the input
and output signals received at the output are shown. The revised input signal is rectangular wave

and equal to 8V. The output signal has a soliton wave, a voltage value of 14.5V, and a frequency
of approximately 17MHz.

Table 5. Soliton production is described in Tablel for D1 design.

Parameter PSO Result Simulation Experiment
Revised Input Voltage (V) | 8 8 8

Output Voltage (V) 14.3 14.5

T (ns) 58 58 60

The results obtained from the PSO algorithm, the simulation, and experimental results are
shown in Table 5. As can be seen in the table, the results are consistent with each other. The center
frequency value of the simulation results and experimental results are found to be approximately
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17MHz. This situation shows that the simulation results and the experimental results are in
compatible.

6. CONCLUSION

In this research paper, the production of soliton waves is the primary objective. The first of
the steps carried out for this purpose is mathematical analysis, as a result of which the equations
are determined. The second stage is the PSO algorithm stage, which is our innovation against trial
and error methods in the literature. At the stage of PSO algorithm; firstly, parameters are
determined based on mathematical equations. By using the determined parameters, the circuit
element values are decided with the PSO algorithm. In the third stage, different circuit designs
are made using the results obtained from the algorithm. Later on; the simulations of the designed
NLTL circuits for different frequency values are modeled. As a result; PSO algorithm, simulation,
and experimental results are found to be compatible.

CONFLICT OF INTEREST

There are no known conflicts of interest or common interests between the authors and any
institution, organization, or person.

AUTHOR CONTRIBUTION

Abdullah Aksoy: Theoretical framework, Investigations, Research methods, Numerical
methods, and Writing.
Sibel Yenikaya: Investigation, Research methods, Review & editing.

REFERENCES

1. Aksoy, A., and Yenikaya, S. (2021). Dogrusal olmayan iletim hatlarindaki RF soliton dalga
tasarimi. X. URSI-Turkish Scientific Congress National General Council Meeting, Gebze
Technical University, Kocaeli, Turkey, Sep. 7-9, 2021 (in Turkish).

2. Azad, A. W., Khan, F., Caruso, A. (2020, March). Self-sustaining High-power RF Signal
Generation Using LDMOS Based Power Amplifier and Nonlinear Transmission Line. /n
2020 IEEE Applied Power Electronics Conference and Exposition (APEC) (pp. 3567-3572).
doi: 10.1109/APEC39645.2020.9124616.

3. Aziz, F., Asif, A., & Bint-e-Munir, F. (2020). Analytical modeling of electrical solitons in a
nonlinear transmission line using Schamel-Korteweg deVries equation. Chaos, Solitons &
Fractals, 134, 109737. doi: https://doi.org/10.1016/j.chaos.2020.109737

4. Brown, M. P. and Smith, P. W. (1997, June). High power, pulsed soliton generation at radio
and microwave frequencies. In Digest of Technical Papers. //th IEEE International Pulsed
Power Conference (Cat. No. 97CH36127) (Vol. 1, pp. 346-354). IEEE. doi:
10.1109/PPC.1997.679354.

5. Darling, J. D. and Smith, P. W. (2008). High-power pulsed RF extraction from nonlinear
lumped element transmission lines. [EEE Transactions On Plasma Science, 36(5), 2598-
2603. doi: 10.1109/TPS.2008.2004371.

6. Elizondo-Decanini, J. M., Coleman, D., Moorman, M., Petney, S., Dudley, E., Youngman,
K. and Myers, K. (2015). Soliton production with nonlinear homogeneous lines. IEEE
Transactions On Plasma Science, 43(12), 4136-4142. doi: 10.1109/TPS.2015.2497233.

399



Aksoy A., Yenikaya S.: Soliton Wave Gnration. on Noninr. Trnsmsn. Lins. Using Prtcl. Swrm. Optm. Alg.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

400

Hasegawa, A., Tappert, F. (1973). Transmission of stationary nonlinear optical pulses in
dispersive dielectric fibers. 1. Anomalous Dispersion. Applied Physics Letters, 23(3), 142-
144. doi: https://doi.org/10.1063/1.1654836.

Ikezi, H., Wojtowicz, S. S., Waltz, R. E., DeGrassie, J. S. and Baker, D. R. (1988). High-
power soliton generation at microwave frequencies. Journal of Applied Physics, 64(6), 3277-
3281. doi: https://doi.org/10.1063/1.341517.

Neto, L. P. S., Moraes, H. M., Rossi, J. O., Barroso, J. J., Rangel, E. G. L. (2020). Increasing
the voltage modulation depth of the RF produced by NLTL. /EEE Transactions on Plasma
Science, 48(10), 3367-3372. doi: 10.1109/TPS.2020.3000216.

Neto, L. P. S., Rossi, J. O., Barroso, J. J. and Schamiloglu, E. (2018). Hybrid nonlinear
transmission lines used for RF soliton generation. I[EEE Transactions on Plasma
Science, 46(10), 3648-3652. doi: 10.1109/TPS.2018.2864214.

Neto, L. P. S., Rossi, J. O., Barroso, J. J., Schamiloglu, E. (2016). High-power RF generation
from nonlinear transmission lines with barium titanate ceramic capacitors. [EEE Transactions
on Plasma Science, 44(12), 3424-3431. doi: 10.1109/TPS.2016.2628324.

Nikoo, M. S., Hashemi, S. M. A., Farzaneh, F. (2018). Theoretical analysis of RF pulse
termination in nonlinear transmission lines. IEEE Transactions on Microwave Theory and
Techniques, 66(7), 3234-3244. doi: 10.1109/TMTT.2018.2865952.

Nikoo, M. S., Hashemi, S. M. A. (2017). Analysis of the power transfer to a nonlinear
transmission line. IEEE Transactions on Microwave Theory and Techniques, 65(11), 4073-
4083. doi: 10.1109/TMTT.2017.2701366.

Nikoo, M. S., Hashemi, S. M. A., Farzaneh, F. (2017). Theory of terminated nonlinear
transmission lines. /IEEE Transactions on Microwave theory and Techniques, 66(1), 91-99.
doi: 10.1109/TMTT.2017.2731958.

Raimundi, L. R., Rossi, J. O., Rangel, E. G. L., Silva, L. C., Schamiloglu, E. (2018). High-
voltage capacitive nonlinear transmission lines for RF generation based on silicon carbide
Schottky diodes. [EEE Transactions on Plasma Science, 47(1), 566-573. doi:
10.1109/TPS.2018.2873491.

Rangel, E. G. L., Barroso, J. J., Rossi, J. O., Yamasaki, F. S., Neto, L. P. S., Schamiloglu, E.
(2016). Influence of input pulse shape on RF generation in nonlinear transmission lines. /EEE
Transactions on Plasma Science, 44(10), 2258-2267. doi: 10.1109/TPS.2016.2593606.

Ricketts, D. S., Li, X., Sun, N., Woo, K., Ham, D. (2007). On the self-generation of electrical
soliton pulses. IEEE  Journal of Solid-State Circuits, 42(8), 1657-1668. doi:
10.1109/JSSC.2007.900291.

Ricketts, D. S., Li, X., Ham, D. (2006). Electrical soliton oscillator. [EEE Transactions on
Microwave Theory and Techniques, 54(1), 373-382. doi: 10.1109/TMTT.2005.861652.

Rossi, J. O., & Rizzo, P. N. (2009, June). Study of hybrid nonlinear transmission lines for
high power RF generation. In 2009 IEEE Pulsed Power Conference (pp. 46-50). doi:
10.1109/PPC.2009.5386200.

Russell, J. S. (1845). Report on Waves: Made to the meetings of the british association in
1842-43.

Xie, F., Wang, C., Xia, L., Yuan, B., Mao, J. (2018, September). A Method of Inductor
Selection for nltls Circuits Applied in High Repetition Pulse Generator. In 2018 11th UK-
Europe-China Workshop on Millimeter Waves and Terahertz Technologies (UCMMT) (Vol.
1, pp. 1-3). IEEE. doi: 10.1109/UCMMT45316.2018.9015785.



Uludag University Journal of The Faculty of Engineering, Vol. 27, No. 1, 2022

22. Yildirim, O. O., & Ham, D. (2014). High-dimensional chaos from self-sustained collisions of
solitons. Applied Physics Letters, 104(24), 244109. doi: https://doi.org/10.1063/1.4884943.

23. Yildirim, O. O., Ricketts, D. S. and Ham, D. (2009). Reflection soliton oscillator. /[EEE

Transactions on Microwave Theory And Techniques, 57(10), 2344-2353. doi:
10.1109/TMTT.2009.2029025.

401



402



