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Abstract

Processes in pulse-forming networks are studied. It is stressed that selecting such a pulse-
forming network that provides the desired pulse form at the output is the main problem in a
pulse modulator design. This mathematical problem in network synthesis usually involves
analytical methods that are very difficult and time consuming for obtaining time-domain
response of a pulse-forming network. The paper proposes investigating transient
performances in artificial transmission lines with help of computer simulation in Matlab
environment. A number of computer models are created, and they are tested for different
scenarios of pulse-forming networks operation. Obtained results clearly indicate validity of
the models and their usefulness for studying time-domain responses of pulse-forming
networks of different types. Designed models can be used in conducting promising research
in the respective field or testing efficiency of already existing installations.
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1. Introduction

This paper studies processes in artificial transmission lines using computer simulation in Matlab
environment. Those lines, also known as pulse-forming networks, are an important element of a pulse
modulator that determines, to a large extent, parameters of a transmitter or generator, in which the
modulator is deployed [1, 2, 3, 4, 15] . Mentioned power devices are widely used as a component of a
pulsed radar or as a radio element in theoretical physics installations [4, 7, 14].

The main problem that presents itself in a pulse modulator designing is that of selecting such a
pulse-forming network that secures the required pulse form at the output [5, 6, 14]. The term “pulse
form” means the shape derived when the pulse amplitude is plotted as a function of time. Particular
details of interest of a pulse shape are known as “leading edge,” the “top,” and the “trailing edge” of
the pulse [4, 7]. A current pulse of ideal rectangular form is required for a power amplifier, such as
magnetron or klystron, to avoid output frequency or phase deviations. In theory, this rectangular pulse
form can be obtained using “natural” transmission line, but this is not feasible in real installations for
a number of reasons; as a result, artificial transmission lines are used.

The development of pulse-forming networks that simulate natural transmission lines is a
mathematical problem in network synthesis [7]. As may be anticipated, no network having a finite
number of elements can exactly simulate a transmission line which in reality has distributed rather
than lumped parameters. As the number of elements for a given network type is increased, the degree
of simulation will improve. It may happen, however, that the network pulse is a good approximation
to the rectangular pulse during only a portion of the pulse interval. For example, the network pulse
may exhibit overshoots and excessive oscillations, especially near the beginning and the end of the
pulse. These possibilities must be kept in mind, and the properties of networks derived by formal
mathematical methods must be investigated with care to determine how closely the networks
approximate transmission lines. Artificial transmission lines or pulse forming networks can be
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homogenous, with the same values of capacitors and inductors in each stage, and heterogeneous, with
those values being different to a great extent. Studying performance of a homogenous artificial line
using analytical methods is difficult and to obtain a pulse form in time domain requires solving
complex polynomials of a very high order [7, 8, 9]. Heterogeneous pulse forming networks are even
harder to analyze although they are used more often due to their better characteristics.

Computer simulation becomes more and more powerful tool in studying different processes and
installations [11, 12, 13]. This paper proposes investigating artificial transmission lines with help of
computer simulation in Matlab environment. The approach provides reasonable accuracy as well as
simplicity and is illustrative and descriptive.

2. General description of a pulse modulator performance
2.1. Functional diagram

In many applications that include, naming just a few, radars or theoretical physics installations
energy on radio frequencies is emitted in short pulses. Time durations of those pulses can be
somewhere between 2 to 30 microseconds or even more [7]. This type of a switched oscillator or
transmitter needs a special modulator. The modulator creates impulses of high voltage turning the
microwave device on/off. The hydrogen thyratron modulator is still most widely used in such a
modulator [1]. Pulse-forming network (PFN), as is shown in figure 1 (borrowed from [1]), is the main
component of such an installation. This PFN or artificial transmission line is charged up slowly to a
high value of voltage during the first stage of operation. Then in the second stage, the network is
discharged rapidly through a pulse transformer by the switching device such as thyratron to develop
an output pulse; the shape and duration of the pulse are determined by the electrical characteristics of
the pulse-forming network and of the pulse transformer. A short section of artificial transmission line
or PFN is used to store energy that it accumulates during the charge stage. In the process, this PFN is
charged on the double voltage of the high voltage power supply with help of the magnetic field of the
charging coil. Another role of this coil is to limit the charging current. The charging diode prevents
the PFN from discharging itself when the maximum voltage is reached.
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The function of thyratron is to act as an electronic switch which requires a positive trigger of only
around 150 volts [1]. The thyratron requires a sharp leading edge for a trigger pulse and depends on a
sudden drop in anode voltage (controlled by the pulse-forming network) to terminate the pulse and cut
off the tube. The R-C element acts as a DC- shield and protect the grid of the thyratron. This trigger
pulse initiates the ionization of the complete thyratron by the charging voltage. This ionization allows
conduction from the charged pulse-forming network through pulse transformer. The output pulse is
then applied to an oscillating device, such as a magnetron.

S5 I |
IC1 thyratron

J gas-illed
S Ry tube

Figure 1: Thyratron Modulator

2.2. The Charge Path

The charge path includes the primary of the pulse transformer, the DC power supply, and the
charging impedance. The thyratron (as the modulator switching device) is an open circuit in the time
between the trigger pulses. Therefore, it is shown as an open switch in figure 2 (borrowed from [1]).
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Figure 2: Charging currents path

Once the power supply is switched on, the current flows through the charging diode and the
charging impedance (coil) and charges the condensers of the pulse forming network. The coils of the
PFN are not yet functional. However, the induction of the charging impedance offers a great inductive
resistance to the current and builds up a strong magnetic field. The charging of the condensers follows
an exponential pattern. The self- induction of the charging impedance overlaps for this.

2.3. The Discharge Path

When a positive trigger pulse is applied to the grid of the thyratron, the tube ionizes causing the
pulse-forming network to discharge through the thyratron and the primary of the pulse transformer, as
is shown in figure 3 (borrowed from [1]).
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Figure 3: Discharging currents path

The fired thyratron grounds the pulse line at the charging coil and the charging diode effectively.
Therefore, a current flows for the duration of pulse width through the pulse transformer primary coil
to ground and from ground through the thyratron, which is now conducting to the other side of the
pulse forming network. The high voltage pulse for the transmitting tube can be taken on the secondary
coil of the pulse transformer. Exactly for this time an oscillating device generates on the transmit
frequency. Because of the inductive properties of the PFN, the positive discharge voltage has a
tendency to swing negative. If the oscillator and pulse transformer circuit impedance is properly
matched to the line impedance, the voltage pulse that appears across the transformer primary equals
one-half of the voltage to which the line was initially charged. The most important observation from
the processes above is that the switch only initiates the discharge of the energy stored in the PFN. At
the same time, the shape and duration of the pulse are determined by the passive elements of the PFN.
The switch has no control over the pulse shape other than to initiate it. The pulse ends when the PFN
has discharged sufficiently. A disadvantage of this action is that the trailing edge of the pulse is
usually not sharp since it depends on the discharge characteristics of the PFN.
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3. Synthesis of mathematical models of pulse-forming networks
3.1. Mathematical model of Type B pulse-forming network

There are a number of pulse-forming networks, and they are differentiated using letters B, C, D, E,
and F [4, 7]. For the purpose of this research, only two of them are chosen; they are those PFN that
are most widely used and, at the same time, are most opposite in their structure.

First, let us consider type B network, which is presented in figure 4. Here, the pulse-forming
network is depicted for the case of five stages although there can be more elements. If values of all
capacitors and inductors in figure 4 are the same, then the pulse-forming network is considered
homogeneous; if those values are different for different stages, then the artificial transmission line is
referred to as heterogeneous. In this paper both of them are considered.

During the discharge process, the line is loaded with the resistor R, also shown in figure 4.

L.I L2 L3 LJ L5

R L (,11 (.‘_7 (:3 C'J (:’5
o1 T "T"T"7
Type B PFN
Figure 4: Type B pulse-forming network

Now, let us proceed to synthesizing a mathematical model for the pulse-forming network in figure
4. Circuit diagraph in this figure includes three typical electrical elements: they are R, L, and C.
Relationships between voltages and currents, which are referred to as constitutive relations, for these
radioelements are known to be as follows [6, 11]:

v(t) = Ri(t), (1)

i(t) = Cdl;—(tt) orv(t) —v(0) = %fot i(7)dr, (2)
Cdi 1

v(t) =L 7t O i(t) —i(0) = LJ; v(t)dr. (3)

The constitutive relation for resistor is illustrated by (1), while those for capacitor and inductor
elements - by (2) and (3) respectively. Mathematical models of electrical systems that include L, C
and R elements can be derived using a systematic two-step process [6, 11]. First, one needs to write
the corresponding first-order ordinary differential equations (ODE) for each energy-storage element
(capacitor or inductor). The dynamic variables of the ODEs will be either voltage vc(t) (for a
capacitor) or current i (t) (for an inductor).

Second, it is necessary to use Kirchhoff’s laws to express the unknown voltages and currents in
terms of either the dynamic variables associated with the energy-storage elements (vc(t) or i (t)) or the
sources (input voltage Ui, or input current lin). Applying Kirchhoff's laws to the first circuit loop in the
circuit diagram in figure 4, one can derive following equations:

Ver + Vi + Vg, =0, (4)
In+ Iy + 1, =0. (5)

The same procedure with respect to the loops beginning from the second and finishing by the last
leads to the following results:

Iei + 1+ 1y =0, (6)
Vei +Vei-1 +V,; =0. (7)

Substituting constitutive relations (1), (2), and (3) into (4), (5), (6), and (7), the following system
of differential equations can be derived:

d ) )
C%(t) = —ip, (t) — i1, (0), (8)
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dig,(t) _

L ar vey (t) — Rpips (0), (9)
C dv;it(t) = —i,;(t) — i1 (0), (10)
L% = — v (t) — vg—1 (0). (11)

Equations (8), (9), (10), and (11) represent the mathematic model of the circuit diagram in figure 4
for continuous time and can be used to study its behavior. However, this approach is characterized by
certain difficulties and lacks some clarity in understanding processes. To avoid these problems and
analyze a wider range of practical systems and devices, it is proposed to transition from the
continuous time to the discrete one and replace the differential equations with difference ones.

The discrete time representation of differential equations by difference ones almost always
includes replacing derivatives in (8), (9), (10), and (11) by formulas involving differences. One of the
possible approaches, known as forward Euler algorithm, can be presented as:

dx(t) _ x(t+At)—x(t)
at At

where At is the step size that is assumed fixed.

The circuit diagram of the transmission line in figure 4 has a regular structure. This fact greatly
simplifies its computer simulation using cycles in computer programming for both elements and
iterations. Applying (12) to (8), (9), (10), and (11), with account of the polarity of currents and
voltages, one can derive the following difference equations system:

: (12)

At R, At

iL1(n +1) = —E 7761(71) + iLl(n) (1 — LL ), (13)
] At At

ver(n+1) =ve,(0) +ip, (n)C_ —i,(n) ok (14)
At At

ip(n+1) =iy - UCi(n)T + vei—1(n) T (15)
] At At

vei(n+1) = vg(n) + lLi(n)F — iy () . (16)

l L

where i denotes the number of the loop in the circuit, n — iteration number and A — the time interval
between iterations. Equations (13), (14), (15), and (16) represent a mathematical model of discrete
time for the pulse-forming line in figure 4, which is very convenient for computer simulation.

3.2. Mathematical model of Type C pulse-forming network

Another type of pulse-forming network is shown in figure 5 and is known as Type C [4, 7]. It is
claimed in the literature that with proper selection of the elements’ values, the transient performance
of the pulse forming networks in figure 4 and figure 5 is identical. The computer models designed in
this paper can be helpful in clarifying those claims. Let us synthesize model for the circuit depicted in
figure 5. The approach to deriving the model is the same as above. In the first step, Kirchhoff's laws
are applied to the circuit diagram in figure 5, and the following system of equations is obtained:

N
Ig, = Z Iy, (27)
k=i

Vi =—Vg, + Ug, (18)
Iei = =1, (19)

where i is the number of a parallel branch (there are five of them in the figure), N is the number of
branches.

With account of (1), (2), and (3), the following system of differential equations can be derived in
terms of the dynamic variables associated with the energy-storage elements (L and C):
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ipy(t) = XR=i i (D), (20)
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Figure 5: Type C pulse-forming network

Consistently applying (12) to (20), (21) and (22), one can derive the system of the following
difference equations:

N
irn,(n) = ip;(n), (23)
) A; L At
i(n+1) = i) + —vei(t) — T ir (DR, (24)
vei(n+1) = v () + ﬁ,—:iu(n)- (25)

Recurrent formulas (23), (24) and (25) represent the computer model of discrete time for the pulse
forming network in figure 5, which is similar to the one constituted by (13), (14), (15), and (16).
Those two models can now be used to study pulse-forming networks in figure 4 and figure 5.

4. Computer simulation of Type B network

Let us first perform computer simulation for the homogenous Type B pulse-forming network
presented in figure 4. For this purpose, equations (13), (14), (15), and (16) were used to create a
program in Matlab environment. Values of capacitors and inductors for homogenous artificial
transmission line are calculated according to the formulas

L = (TR,)/(2N), (26)
C =T/(2NR,), (27)

where T is the required pulse duration, R is the load resistor of the line and N is the number of stages
in the line.

Let us assume that one would like to obtain a pulse with the duration 10 us on the load resistor 100
ohms. In this case, for the 5 stage pulse-forming network, values of C and L, respectively are 1.0e-08
F and 1.0e-04 H. Initial charge of the line is 10 V. Figure 6 presents the shape of the discharge pulse
for the initial data shown above as a result of the computer simulation in Matlab using the developed
model. By inspection, overshoots of the voltage and some unwanted oscillations are clearly visible.
Leading edge of the pulse, the top and the trailing edge of the pulse are also indicated. It is necessary
to stress that the shape is the same for these conditions, as the one that can be found in the literature
[7, 16]. A great deal of effort has been done to improve the shape of the pulse in figure 6 [4, 17, 18].
All of them are directed at using heterogeneous pulse-forming networks in which values of the
capacitors and inductors are different. It is known from the literature [4, 7] that the five-section
network can produce a trapezoidal pulse with a rise time of about 8 percent if it has parameters shown
in tablel. Values in this table should be multiplied for capacitors by T/R. and for inductors by TRy [4,
7, 19] Just to remind, T is the pulse duration, which is 10 ps, and Ry is the load resistor of the pulse-
forming network, which is 100 ohms. Figure 7 illustrates the pulse shape produced by heterogeneous
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Type B pulse-forming network with the values of conductors and inductors as stated in Table 1. In the
same figure, the curve from figure 6 is added for comparison.

Pulse shape produced by a five-section uniform-line on matched

resistance load.
T T T T T
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<________—J The top
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Figure 6: Pulse shape produced by homogeneous Type B pulse-forming network with 5 elements
on matched load

Table 1
Values of capacitors and inductors to form a trapezoidal pulse in Type B PFN

Stage number Capacitor value Inductance value
1 0.0646 0.0781
2 0.0642 0.0632
3 0.0703 0,0658
4 0,0890 0.0774
5 0.1674 0.1093

As observed from figure 7, non-uniform or heterogeneous pulse forming line with the parameters
from table 1 really creates trapezoid pulse shape that demonstrates better performance as compared to
the pulse shape in figure 6, which is especially significant for the trailing edge. Still, the main
inference is that the model designed in this paper adequately describes performance of the pulse-
forming network in different scenarios of operation. In additions, it presents itself as a powerful tool
to study different processes in pulse-forming networks that are difficult to study by analytical
methods. Parameters in the model may be quickly changed to modify the experiment.

5. Computer simulation of Type C network

Let us now consider performance of the Type C network presented in figure 5 [4, 7, 20]. It is
known from several sources that PFNs in figure 4 and figure 5 lead to identical pulses during their
discharge. If the developed model can show it, it would be another proof of its validity.

Table 2 includes values of capacitors and conductors for Type C PFN shown in figure 5 that
generates trapezoidal pulse. Let us not forget that the values in this table should be multiplied for
capacitors by T/R. and for inductors by TRy, as is done above. Figure 8 demonstrates pulse shape
obtained for heterogeneous Type C pulse-forming network with 5 elements on matched load, which is
presented in figure 5. To make an effective comparison, the same curve for Type B pulse-forming
network is also shown in figure 8. Analysis shows that the graphs for Type B and Type C pulse-
forming networks are almost identical, as it is stated in the literature [4, 7]. It clearly indicates that the
developed computer models are valid because they are precise and correctly explain all the processes
taking place in the systems.
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Figure 7: Pulse shape produced by heterogeneous Type B pulse-forming network with 5 elements
on matched load
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Figure 8: Pulse shape produced by heterogeneous Type C pulse-forming network with 5 elements
on matched load

6. Conclusion

In this paper an alternative approach to studying transient processes in pulse-forming networks has
been proposed. This approach, which is based on computer simulation in the Matlab environment, has
been tested in different scenarios for two different artificial transmission lines. Simulation results
proved its validity because those results comply with the general understanding of the processes in
pulse-forming networks and support the conclusions and assumptions made in scientific literature by
other authors. In addition, this approach is simple, clear and can be scaled down or up and modified to
adjust to the purpose of a study. Designed computer models can be used in carrying out promising
research in the field.
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Table 2
Values of capacitors and inductors to form a trapezoidal pulse in Type C PFN

Stage number Capacitor value Inductance value
1 0.4003 0.253
2 0.0416 0.270
3 0.0111 0,367
4 0,0038 0.547
5 0.0017 0.740
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