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Reflection Soliton Oscillator
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Abstract—We report on an electrical oscillator that self-gener-
ates a periodic train of short-duration pulses. The oscillator con-
sists of a nonlinear transmission line (NLTL), one end of which is
connected to a one-port amplifier and the other end is open. In
the steady state, a self-generated short-duration pulse travels back
and forth on the NLTL, reflected at both ends of the NLTL due to
impedance mismatches. The one-port amplifier produces a nega-
tive output resistance for a voltage beyond a particular threshold
and a positive output resistance for a voltage below that threshold,
and thus, the reflection from the amplifier provides gain for the
main upper portion of the pulse to compensate loss, and attenuates
small perturbations to ensure oscillation stability. The NLTL sub-
stantially sharpens the pulse.

Index Terms—Electrical solitons, mode-locked oscillators, non-
linear transmission lines (NLTLs), oscillators, pulse oscillators,
solitons.

I. INTRODUCTION

E LECTRICAL oscillators that can generate a periodic train
of short-duration pulses can be useful in a number of ap-

plications, including high speed sampling, time domain reflec-
tometry, ultra wideband radars, and high power RF generation
[1]–[3]. A few different types of such pulse oscillators have been
developed [see Fig. 1(a)–(c)] [4]–[7]. In this paper, we introduce
a new type of pulse oscillator [see Fig. 1(d)].

In 1955, Cutler arranged an amplifier and a linear transmis-
sion line in a circular topology [see Fig. 1(a)], which self-gen-
erated a stable periodic train of short-duration pulses [4]. The
amplifier provides gain for a signal beyond a certain threshold,
and attenuates a signal below that threshold. This level-depen-
dent gain is the key to the stable pulse oscillation.1 More specif-
ically: first, the level-dependent gain sharpens the amplifier’s
input signal, enabling pulse formation; second, the level-depen-
dent gain, especially the attenuation below the threshold, sup-
presses small perturbations (e.g., noise, reflection) that could
grow into undesired pulses and disrupt a stable pulse oscillation.
In the steady state, a pulse circulates in the loop. The transmis-
sion line is to introduce a delay between one pulse event and the
next at any point in the loop.
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1The level-dependent gain concept was adopted in optics for short-duration
light pulse generation, helping pave the way for the field of mode-locked laser.
In optics, the level-dependent gain is called saturable absorption.

In 1978, Haus et al. altered Cutler’s oscillator into the form of
Fig. 1(b) [5]. Instead of circulating a pulse, a pulse is made travel
back and forth on a transmission line2 3 through reflection at
both ends of the line. Like in Cutler’s oscillator, level-dependent
gain is needed for pulse formation and oscillation stabilization.
It is realized as a combination of a constant gain (which occurs
in reflection at one line end terminated with an approximately
constant negative resistance) and a level-dependent attenuation
(which occurs in reflection at the other line end terminated with
a level-dependent positive resistance).

In Cutler and Haus’s oscillators, the transmission line serves
as a simple pulse propagation medium. An interesting design
alteration to obtain much sharper pulses would be to incorpo-
rate a pulse-sharpening mechanism into the line, in addition
to the pulse sharpening provided by the level-dependent gain.
Recently, in [6] and [7], some of the authors of this paper in-
deed developed such an oscillator [see Fig. 1(c)]. By replacing,
in Cutler’s circular topology, a linear transmission line with a
nonlinear transmission line (NLTL) [a transmission line peri-
odically loaded with varactors (nonlinear capacitors)], which
had been long known for its superb pulse sharpening capability
[8]–[12], we attained a circuit that robustly self-generated a
stable, periodic train of much sharper pulses. The sharp pulses
on the NLTL, which possess unique nonlinear properties, are
known as solitons [8]–[14]. Thus, we called the oscillator elec-
trical soliton oscillator.

Solitons circulating in the oscillatory loop exhibit rich non-
linear dynamics, and unless suitably controlled, they tend to
form a soliton pulse train with significant variations in the
pulse amplitude and repetition rate. The key to our success in
overcoming this oscillation instability and building the soliton
oscillator of Fig. 1(c), [6], [7] that robustly self-generated a
train of solitons with constant soliton amplitude and repetition
rate was to realize that the level-dependent gain used for pulse
sharpening and oscillation stabilization in Cutler’s oscillator
is also effective in stabilizing the soliton oscillation. However,
since the soliton oscillator has a much stronger tendency
towards instability due to soliton’s nonlinear dynamics, its sta-
bilization demanded more from the amplifier’s level-dependent
gain. In the soliton oscillator, the dominant pulse sharpening
mechanism is provided not by the level-dependent gain, but by
the NLTL.

If the circular soliton oscillator [see Fig. 1(c)] is an extension
from Cutler’s oscillator [see Fig. 1(a)] to obtain sharper pulses,
can an analogous design extension be made from Haus’s reflec-
tion oscillator [see Fig. 1(b)] to obtain sharper pulses?

2Although Haus et al. used a metallic waveguide, we may think of it as a
transmission line, as both have the same goal of introducing a delay.

3The actual pulse in Haus’s oscillator is not the baseband pulse shown in
Fig. 1(b), but a pulse with a sinusoidal modulation. The essence of Haus’s work,
however, lies in the generation of the pulse envelope, as described here.
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Fig. 1. (a) Cutler’s circular linear pulse oscillator [4]. (b) Haus’s reflection linear pulse oscillator [5]. (c) Our circular soliton pulse oscillator [6], [7]. (d) Our
reflection soliton pulse oscillator (this work).

This paper reports on such a reflection soliton oscillator [see
Fig. 1(d)]. This work starts by replacing the linear transmission
line in Haus’s oscillator with an NLTL to establish a dominant
pulse sharpening mechanism in the pulse propagation medium.
The level-dependent gain needed for soliton oscillation stability
[6], [7] is incorporated in a single one-port amplifier connected
to one end of the NLTL: it produces a negative resistance for a
voltage beyond a certain threshold and a positive resistance for
a voltage below that threshold, and thus, the reflection from the
amplifier end provides gain for the main upper portion of a pulse
to compensate loss, while attenuating small perturbations. The
other end of the NLTL is open for reflection. In Haus’s oscillator
where pulse sharpening is achieved solely through the level-
dependent gain, the pulse sharpening is limited by the band-
width of the active circuit providing the level-dependent gain.
In contrast, our reflection soliton oscillator, where the pulse
sharpening executed dominantly by the NLTL is not limited
by the amplifier bandwidth, achieves substantially more pulse
sharpening.

In Section II, we present the operating principle of our
reflection soliton oscillator. Section III describes the design
of the one-port amplifier that executes the level-dependent
gain function. Section IV reports on experimental results.
In Section V, we experimentally compare our oscillator and
Haus’s oscillator we recreated. Section VI compares reflection
and circular soliton oscillators.

II. REFLECTION SOLITON
OSCILLATOR—OPERATING PRINCIPLE

Our reflection soliton oscillator consists of an NLTL termi-
nated with a one-port amplifier at one end and an electrical open
at the other end (see Figs. 1(d) or 2). In the steady state (we will
address oscillation startup in Section III), a pulse travels back
and forth on the NLTL (see Fig. 2). The pulse reflected at the

Fig. 2. Steady-state dynamics in our reflection soliton oscillator.

amplifier end travels down the NLTL towards the open, during
which the NLTL compresses the pulse, forming it into a sharp
soliton. As the soliton reaches the open, it is reflected to travel
back towards the amplifier, during which the soliton lowers am-
plitude and broadens width in a particular manner [15] due to
loss in the NLTL. Once the damped soliton reaches the ampli-
fier, a reflection with level-dependent gain occurs, which com-
pensates loss and reinforces oscillation stability. The reflected
pulse is not a soliton, as the amplifier deforms the soliton shape.
The reflected reenergized pulse repeats the spatial dynamics de-
scribed above, again forming into a soliton as it propagates down
the NLTL toward the open.

A. Reflection at the Amplifier End

The reflection with level-dependent gain at the amplifier end
is achieved as follows. The output impedance of the amplifier

seen by the NLTL, is a function of voltage at that output
node. If we denote the average characteristic impedance4 of the

4The NLTL’s characteristic impedance at a given point varies with the voltage
applied to the varactor at that point due to the voltage dependence of the varactor
capacitance. Here, we take the average characteristic impedance seen by a signal
to capture the essence in a simple, albeit not the most accurate, manner.
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Fig. 3. Soliton oscillation stability consideration. (a) Hypothetical depiction
of the desired ���� � versus � to yield level-dependent gain. (b) Buildup
of soliton oscillation instability when gain is provided for all signal levels.
(c) Measured unstable oscillation when gain is provided for all signal levels.

NLTL as , the reflection coefficient at the amplifier end with
a voltage of is given by

(1)

Since , we see that

(gain) if
(attenuation) if (2)

Therefore, for the amplifier to provide a gain for a voltage larger
than a certain threshold and to attenuate a signal smaller than
the threshold, we are to have for above the
threshold, and for below the threshold, as
hypothetically drawn in Fig. 3(a). This is how the reflection with
level-dependent gain is attained. We will detail the design of
such an amplifier in Section III.

Let us examine what would happen if the level-dependent
gain is not in force, or more specifically, if re-
gardless of , and all signal levels receive gain upon reflection
from the amplifier end. Suppose a desired soliton pulse and a
small parasitic soliton pulse produced by a perturbation (e.g.,
noise) in the oscillator [see Fig. 3(b)]. Both of these pulses will
be reflected with gain at the amplifier end, and the parasitic pulse
will persist, as the amplifier in this scenario does not attenuate
low-level signals. Since the two reflected pulses have different
amplitudes, they propagate at different velocities (a taller pulse
propagates faster than a shorter pulse—this is a key soliton prop-
erty [6], [7]), thus eventually colliding with each other. This

Fig. 4. Reflection at the open end of the NLTL.

collision, which is a nonlinear process, causes pulse amplitude
modulation at the moment of collision (see Fig. 3(b), middle),
and pulse position modulation after the collision (see Fig. 3(b),
right—the taller pulse would appear as the dashed one in the dif-
ferent position, were it not for the collision), which is another
key soliton property [6], [7]. Therefore, the pulse train produced
with gain at all signal levels exhibits significant variations in
pulse amplitude and repetition rate. See Fig. 3(c) for an unstable
oscillation observed in one of our actual prototypes. In contrast,
when level-dependent gain is in force, small perturbation falls in
the attenuation region to be suppressed [see Fig. 3(a)], no soliton
collision occurs, and the instability is prevented.

B. Reflection at the Open End
The pulse reflection at the open end of the NLTL, illustrated

in Fig. 4, is interesting and useful, as it offers an extra pulse-
sharpening mechanism, in addition to the sharpening that occurs
during pulse propagation on the NLTL.

At the open end, the incoming pulse is reflected into a same
shape pulse. The incoming and reflected pulses (voltages) su-
perpose to increase the joint voltage at the open end. If a linear
line is used, the joint voltage at the open end is twice the in-
coming voltage. In case of the NLTL, the joint voltage is larger
than twice the incoming voltage. This is due to the voltage de-
pendence of the capacitance of the varactor at the open end. The
superposed (thus increased) voltage reduces the capacitance,
and to conserve the total energy despite the reduced capaci-
tance, the superposed voltage should be larger than twice the
incoming voltage [9]. In our measurement [see Section IV], the
joint voltage amplitude is 2.4 times larger than the incoming
voltage in amplitude.

This pulse amplification at the open end by a factor larger than
two translates to pulse sharpening. In an NLTL constructed in
the form of a ladder network of inductor–varactor sections (see
Fig. 4), the time integration of an arbitrary pulse voltage
at the th node is constant, independent of the position [9]
(see Appendix A):

constant (3)

In other words, if one measures the area under the time-domain
voltage waveform , the area will remain the same, inde-
pendently of . Therefore, the time-domain area of the joint
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Fig. 5. Our one-port reflection amplifier.

voltage pulse at the open end should be twice the time-domain
area of the incoming voltage pulse, whose amplitude is and
temporal width is . Since the time-domain area of a pulse
may be approximated as a product of its amplitude and tem-
poral width, the time-domain area of the joint voltage pulse is

. Therefore, the amplitude of the joint pulse cor-
responds to the temporal width of (in our experiment
of Section IV, the measured width is ). Thus, the joint
pulsewidth at the open end is smaller than the incoming
pulsewidth .

III. REFLECTION SOLITON
OSCILLATOR—AMPLIFIER DESIGN

A. Need for an Adaptive Bias Scheme

As discussed in Section II, the reflection amplifier in Fig. 2
should be capable of level-dependent amplification such that
small perturbations are rejected to ensure oscillation stability,
while the main portion of the soliton is amplified to compensate
loss. An important notion is that this level-dependent gain is
what is required in the steady state. In contrast, in the initial
startup transient, the level-dependent gain should be actually
avoided, as small perturbations should be amplified to enable
oscillation startup.

To achieve these two contradicting gain characteristics in the
same amplifier, an adaptive bias scheme can be employed to
shift the gain characteristic of the amplifier from full gain to
level-dependent gain as the oscillation grows from an initial
transient into a steady-state pulse train. Such an adaptive bias
scheme has been actually implemented in various forms in all
of the previous pulse oscillators discussed earlier [4]–[7]. In this
study, we have also devised an adaptive bias scheme suitable for
the reflection soliton oscillator, which we will now explain.

B. One-Port Reflection Amplifier With an Adaptive Bias

Fig. 5 shows our one-port reflection amplifier, which
achieves, through an adaptive bias scheme, the full gain during
the initial startup transient and the level-dependent gain during

Fig. 6. ������ � versus � . (a) Initial startup stage. (b) Steady state.

the steady state. The basic circuit arrangement is two inverters
put back to back: transistors and form one inverter;
transistors and form the other inverter. The underlying
design idea is that the real part of the output impedance of the
amplifier, , seen by the NLTL, can assume positive or
negative values, depending on the ON/OFF status of , i.e.,
depending on the voltage difference between and . If
is ON with , the back-to-back inverters are in force
and a positive feedback is set up, yielding . If
is OFF with , the back-to-back inverters do not work,
leading to .

In the beginning of the startup transient, and assume
certain initial bias values. The amplifier is arranged in such
a way that in this initial stage and is ON, thus
ensuring and enabling an oscillation startup.
Fig. 6(a) shows the real part of the simulated small-signal
impedance at various dc voltages applied at the output
of the amplifier. As can be seen, the initial bias sits in the
gain region where , and thus a small perturbation
around the bias receives gain to grow into a pulse train.

As the oscillation grows, a train of pulses starts appearing
at the output node of the amplifier. See Fig. 7 in conjunction
with Fig. 5 for the following description. When a pulse arrives
at the amplifier from the NLTL, goes up. Following , the
emitter voltage of is increased, charging capacitor .
Due to , the time constant associated with this charging of

is much smaller than , the time constant of the –
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