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ABSTRACT
Topolectrical circuits, inspired by concepts from topological physics, have
emerged as a promising platform for exploring robust edge states, nontrivial
topological invariants, and their applications in signal processing and wave
propagation. Simultaneously, nonlinear circuits, which exploit the inherent
nonlinear behavior of electronic components, are crucial for understanding
complex phenomena like chaos, bifurcation, and soliton propagation in
electrical networks. This review paper aims to provide a detailed discussion of
the state-of-the-art developments in topolectrical and nonlinear circuits,
highlighting their fundamental principles, experimental realizations, and
potential applications. Special emphasis is placed on the interplay between
topology and nonlinearity, demonstrating how these effects can be combined
to realize robust, tunable, and multifunctional electrical systems. Illustrative
examples, tables, and figures are provided to facilitate understanding of

complex phenomena.

KEYWORDS: Topolectrical circuits, Nonlinear circuits, Topological edge
states, Chaos, Solitons, Bifurcation, Electrical metamaterials, Signal

propagation, Robust circuits
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INTRODUCTION

The study of topolectrical circuits has gained momentum over the past decade, building
upon the principles of topological insulators in condensed matter physics. These circuits
leverage arrangements of capacitors, inductors, and resistors to emulate topological phases,
allowing researchers to observe robust boundary modes that are immune to local defects.
Unlike conventional electrical circuits, topolectrical circuits offer an avenue to
experimentally verify theoretical predictions of topological physics using relatively simple

hardware.

On the other hand, nonlinear circuits exploit the inherent nonlinear characteristics of
electronic components like diodes, transistors, and memristors. Nonlinear dynamics lead to
complex phenomena including bifurcations, chaos, and localized modes, which have been

utilized in secure communications, signal processing, and unconventional computing.

This review addresses the recent developments in topolectrical and nonlinear circuits,
discussing their fundamental principles, experimental realizations, and technological
applications. Additionally, it explores the intersection of topological and nonlinear
phenomena, an area that is increasingly attracting research attention for its potential in robust

and tunable devices.

FUNDAMENTALS OF TOPOLECTRICAL CIRCUITS

Topolectrical circuits translate abstract ideas from topological condensed matter physics into
tangible electrical networks made from capacitors, inductors, and resistors. The most
attractive feature of these circuits is that topological properties depend on connectivity
rather than exact component values, which makes the observed effects very robust to
imperfections. Because electrical quantities like voltage, current, and impedance are easy to
measure, topolectrical circuits have become a practical platform to verify theoretical

predictions of topological phases.

1. Topological Concepts
The foundation of topolectrical circuits lies in the Su-Schrieffer—Heeger (SSH) model,
originally proposed to explain electronic behavior in polyacetylene chains. The SSH model

describes a 1D lattice with alternating strong and weak couplings between neighboring
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sites. When this idea is mapped into circuits, the “sites” become circuit nodes and the

“couplings” become capacitive or inductive connections.

Alternating Couplings and Lattice Structure

Consider a chain of nodes connected alternately by two capacitors CIC_1C1 andC2C_2C2. If
C1#£C2C 1 \neq C_2C101=C2, the circuit becomes topologically nontrivial depending on
which capacitor appears at the boundary. This simple alternation produces two distinct
phases:

e Trivial phase: No special states at the edges.

e Topological phase: Presence of edge-localized voltage modes that are immune to small

perturbations.

These phases are not identified by conventional electrical parameters but by a topological

invariant called the winding number.

Winding Number and Topological Invariant

In the SSH circuit, the winding number is determined by how the admittance function
“wraps” around the origin in complex space as frequency varies. Physically, this number
predicts whether an edge state will appear or not.

If the winding number is:

e 0 — No edge state (trivial)

e 1 — Edge state present (topological)

This is a powerful idea because it means the existence of the edge mode is guaranteed by

topology, not by precise component values.

Circuit Laplacian Representation

Topolectrical circuits are analyzed using the circuit Laplacian matrix, which plays a role
similar to the Hamiltonian in quantum systems. The relation between current and voltage is
given by:I=L(®)VI = L(\omega) VI=L(0)V

where:

e |llis the current vector injected at nodes,

¢ VVV is the node voltage vector,
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e [(w)L(\omega)L(w) is the Laplacian matrix containing all information about connectivity

and frequency-dependent admittances.

For an SSH topolectrical chain, the Laplacian matrix takes a tridiagonal form:
L@)=[Y1+Y2-Y10---=Y1Y1+Y2-Y2:--0-Y2Y 1+Y2---iii~]L(\omega) = \begin{bmatrix}
Y 1+Y 2 & -Y 1 &0 & \cdots \ -Y 1 & Y 1+Y 2 & -Y 2 & \cdots W0 & -Y 2 &
Y_1+Y_2 & \cdots \\ \vdots& \vdots& \vdots& \ddots \end{bmatrix}L(»)=Y1+Y2-Y10:-Y1
Y1+Y2-Y2:0-Y2Y1+Y2:ieeeeees

whereY1=joC1Y_1 =j\omega C_1Y1=jwC1 and Y2=joC2Y 2 =j\omega C_2Y2=joC2.

The eigenvalues of this matrix determine the resonance modes of the circuit. A near-zero
eigenvalue corresponds to a highly localized edge mode, which appears as a large peak in

impedance at the boundary node.

Physical Meaning of Edge States

In practical terms, if a signal is injected into the boundary node of a topological SSH circuit:
e The voltage remains strongly localized near the edge.

e The signal does not propagate into the bulk.

e Even if some components are slightly altered, the edge state remains.

This robustness is the key advantage of topolectrical design.

2. Experimental Realizations

Topolectrical circuits are experimentally simple but conceptually powerful. They are
typically implemented using LC networks or resistive-capacitive networks on breadboards
or PCBs.

One-Dimensional SSH Circuits

The 1D SSH circuit is the most widely studied example. It consists of alternating capacitors

(or inductors) between nodes, often grounded through inductors or resistors.

Observation Method: Impedance Measurement
A signal generator injects AC current into one node, and the voltage is measured using an
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oscilloscope. When the circuit is in the topological phase:

e A sharp impedance peak appears at the edge node.

e The peak corresponds to the edge-localized mode predicted by theory.

This peak disappears when the circuit is switched to the trivial phase by swapping C1C_1C1
and C2C_2C2.

Typical Components Used

Table: 1
Component Role in SSH Circuit Practical Value Range
Capacitors C1,C2C_1, C_2C1,C2 Alternating coupling 10 nF -1 pF
Inductors Ground connection 1 mH - 100 mH
Resistors Damping control 100 Q — 10 kQ
Signal generator AC excitation 1kHz -1 MHz

Two-Dimensional Topolectrical Lattices

To mimic higher-order topological insulators, researchers have built 2D lattices such as:
e Honeycomb lattice

e Kagome lattice

e Square lattice with dimerized couplings

In these circuits, topological effects lead to:
e Edge states along the boundaries

e Corner states localized at lattice corners (higher-order topology)

These phenomena are detected by scanning the impedance at different nodes and mapping the

voltage distribution across the grid.

Reconfigurable Topolectrical Platforms
Modern experiments often use:
e Varactors (voltage-controlled capacitors) for tunable coupling

e Digital switching networks to dynamically change topology
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e PCB-based modular designs for larger lattices

This allows real-time transition between trivial and topological phases without rebuilding the
circuit.

w8k

Figure 1: 1D SSH Topolectrical Circuit

3. Applications of Topolectrical Circuits

Topolectrical circuits are not only theoretical demonstrations of topological physics, but they
also offer practical engineering advantages that are difficult to achieve with conventional
circuit design. Because their behavior is governed mainly by connectivity (topology) rather
than exact component precision, these circuits are naturally robust, tunable, and intuitive to

implement. This makes them attractive for signal handling, adaptive materials, and
education.

a) Robust Signal Transmission

One of the most important applications of topolectrical circuits is defect-immune signal
routing using topological edge states.

In a conventional electrical network, signal transmission is very sensitive to:

« Component tolerances

« Parasitic effects

« Broken or weak connections

« Noise and environmental disturbances

However, in a topolectrical SSH chain or 2D lattice operating in the topological phase:
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« Signals injected at the boundary remain localized and protected.
e Even if some capacitors or inductors vary by +10-15%, the edge mode still exists.

o Small defects or disconnections in the bulk do not significantly affect the edge signal.

This property can be used to design:
o Fault-tolerant interconnects in sensitive electronic systems
o Noise-resistant signal paths in communication circuits

« Reliable sensing networks where signal integrity is critical

For example, in sensor arrays placed in harsh environments, topolectrical routing can ensure
that measured signals reach processing units without distortion caused by component aging or

temperature variation.

b) Reconfigurable Electrical Metamaterials

Topolectrical circuits behave like electrical metamaterials, where the overall response
depends on the arrangement of components rather than individual values. By introducing
tunable elements such as:

e Varactor diodes (voltage-controlled capacitors)

e Digitally switched capacitor banks

e Programmable impedance elements

The circuit can be dynamically switched between trivial and topological phases.

This enables:
¢ Real-time topological phase transitions without rewiring the circuit
e Adaptive control over wave propagation paths

e Tunable impedance landscapes for filtering and resonance control

Such reconfigurable platforms can be used in:
e Adaptive RF front ends where signal paths change depending on frequency band
e Smart filters that re-route signals based on operating conditions

e Programmable analog computing structures inspired by topological networks
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In research labs, these circuits serve as experimental testbeds for studying how topology

influences wave behavior in electrical, acoustic, and even mechanical analog systems.

¢) Educational and Demonstration Platforms

Topolectrical circuits are extremely valuable in teaching advanced physics and engineering
concepts because they make abstract topological ideas physically measurable.

Instead of discussing topology only in terms of quantum wave functions and band theory,
students can:

e Build SSH circuits using basic capacitors and inductors

e Measure impedance peaks with an oscilloscope

e Directly observe edge-localized voltage modes

This hands-on experience helps in understanding:
e Topological invariants like the winding number
e Boundary vs bulk behavior

e Robustness against disorder

These circuits are now being introduced in advanced undergraduate and postgraduate
laboratories to demonstrate:

e Concepts of topological insulators

e Eigenmodes and resonance in networks

e Practical relevance of mathematical physics in electrical engineering

Because the components are inexpensive and easily available, topolectrical experiments can

be performed without sophisticated equipment.

NONLINEAR CIRCUIT PHENOMENA

While topolectrical circuits emphasize robustness through connectivity, nonlinear circuits
introduce richness through complex dynamic behavior. In linear circuits, output signals scale
proportionally with inputs and obey the principle of superposition. But in nonlinear circuits,
this rule breaks down. Small changes in input or parameters can produce disproportionately
large and sometimes unpredictable responses. This leads to fascinating effects such as

bistability, hysteresis, bifurcation, chaos, and soliton formation.
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Nonlinearity is not an exception in electronics; in fact, most practical electronic components
behave nonlinearly outside small-signal conditions. Harnessing this nonlinearity intentionally
allows engineers and researchers to create circuits with advanced functionalities that are

impossible in purely linear systems.

1. Overview of Nonlinearity

A circuit is said to be nonlinear when the relationship between voltage and current is not a
straight line. Mathematically, this means:

Ik VI \negkVIL=kV

and instead follows exponential, polynomial, or memory-dependent relations.

Diodes and Transistors
Diodes follow the well-known exponential current—voltage relationship:
I=Is(eVnVT-1)I =1 s \left(e{\frac{V}{nV_T}} - L\right)I=Is(enVTV-1)

This exponential nature leads to rectification, clipping, and harmonic generation. Transistors,

when operated beyond small-signal regions, also exhibit nonlinear transfer characteristics.

These properties are widely used in:
e Mixers and modulators
e Amplifiers with distortion control

e Oscillators and waveform shaping circuits

Memristors

Memristors are unique nonlinear elements whose resistance depends on the history of current
flow. Their behavior can be written as:

V=M(q)-1V = M(q) \cdot IV=M(q)-I

Where M(q)M(g)M(q) changes with charge gqg. This memory-dependent resistance
introduces hysteresis and is useful for:

e Neuromorphic computing

e Adaptive circuits

e Nonlinear memory networks

51 Page 43-58 © MANTECH PUBLICATIONS 2026. All Rights Reserved



Journal of Research in Electrical Circuits and Systems
MANIECH :
Publications Volume 11, Issue 1, January-April 2026

Josephson Junctions

At superconducting temperatures, Josephson junctions behave like nonlinear inductors. The
current through a Josephson junction depends sinusoidally on the phase difference:

I=Iesini 7o)l = 1_c \sin(\phi)I=Icsin(¢)

This nonlinearity is essential in quantum circuits, SQUIDs, and superconducting oscillators.

Key Effects of Nonlinearity in Circuits

Because of these nonlinear elements, circuits can display behaviors such as:

e Bistability: Two stable operating points for the same input

e Hysteresis: Output depends on past input values

e Frequency mixing: Generation of harmonics and intermodulation products

e Self-oscillations: Oscillations without external periodic input

These features are highly useful in signal processing, communication, and unconventional

computing.

2. Bifurcation and Chaos
One of the most intriguing aspects of nonlinear circuits is their ability to undergo

bifurcations and enter chaotic regimes.

Bifurcation Phenomenon

A bifurcation occurs when a small change in a circuit parameter (such as resistance,
capacitance, or input voltage) causes a sudden qualitative change in behavior. For example:

e A steady DC output becomes an oscillating waveform

e A single oscillation frequency splits into two or more frequencies

e The system shifts from stable to unstable operation

This is commonly observed in nonlinear oscillators and feedback circuits.

Chua’s Circuit: A Classic Example

Chua’s circuit is one of the simplest circuits known to exhibit chaos. It consists Of:
e Two capacitors

e One inductor
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e A linear resistor

e A nonlinear resistor (Chua diode)

Despite its simple structure, the circuit can produce highly complex waveforms known as

double-scroll attractors when certain parameter conditions are met.

The governing equations are nonlinear differential equations, and the output voltage shows:
e Sensitive dependence on initial conditions
e Non-periodic but bounded oscillations

e Strange attractor patterns in phase space

This chaotic behavior has been explored for:
e Secure communication systems (chaos masking)
e Random number generation

e Studying nonlinear dynamics experimentally

Visual Behavior of Chaos
When the voltages of Chua’s circuit are plotted against each other (phase plot), they form
beautiful double-scroll shapes rather than simple sine waves. This is a hallmark of

deterministic chaos.

Table 1: Examples of Nonlinear Circuit Phenomena

o Nonlinear Observed o
Circuit Type Applications
Element Phenomena
o Nonlinear _ . Secure communications, random
Chua’s Circuit ] Chaos, bifurcation )
resistor number generation
Duffing Nonlinear Bistability, Signal processing, mechanical
Oscillator inductor hysteresis analogs
Nonlinear LC ) Solitons, frequency ) )
Varactor diodes o RF signal shaping, wave control
network mixing
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3. Solitons and Localized Modes

One of the most fascinating outcomes of nonlinearity in electrical networks is the formation
of solitons and localized voltage/current modes. Unlike ordinary pulses that spread out and
lose their shape as they travel through a transmission line, solitons are special wave packets
that maintain their shape, speed, and energy over long distances. This happens because

two opposing effects—dispersion and nonlinearity—balance each other.

In linear transmission lines, dispersion causes different frequency components of a pulse to
travel at different velocities. As a result, the pulse broadens with distance. However, when
nonlinear elements such as varactor diodes or nonlinear inductors are introduced into the line,
the voltage-dependent reactance modifies the wave speed in such a way that the spreading
due to dispersion is exactly compensated. The outcome is a stable, self-reinforcing pulse

known as a soliton.

Nonlinear Transmission Lines (NLTL)

Solitons in circuits are commonly observed in Nonlinear Transmission Lines (NLTLS).
These lines consist of repeated sections of:

e Inductors in series

e Voltage-dependent capacitors (varactors) connected to ground

Because the capacitance changes with voltage, the propagation velocity of the signal depends
on the amplitude of the pulse. This amplitude-dependent velocity is the key nonlinear feature

that enables soliton formation.

A typical NLTL structure looks like:
L—L—L—L—..

Il

C(V)C(V)C(V)C(V)

If

GNDGNDGNDGND

Here, C(V)C(V)C(V) represents voltage-dependent capacitance.
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Balance between Dispersion and Nonlinearity

The propagation of signals in such a network can be described by nonlinear differential
equations similar to the Korteweg-de Vries (KdV) equation or nonlinear Schridinger
equation, depending on the configuration. These equations predict the existence of stable
solitary waves.

Physically:

e Dispersion tries to spread the pulse.

e Nonlinearity tries to compress or steepen the pulse.
When these two effects match, a soliton is formed.

INTERPLAY BETWEEN TOPOLOGY AND NONLINEARITY

Recent research has begun exploring circuits that combine topological protection with

nonlinear dynamics, leading to nonlinear topolectrical circuits. Key observations include:

1. Nonlinear edge states: Edge modes that persist but exhibit amplitude-dependent
frequencies.

2. Tunable topological phase transitions: Nonlinearity allows dynamic modulation of
circuit parameters to switch between trivial and nontrivial phases.

3. Nonlinear wave localization: Nonlinearity can induce localized modes even in

topologically trivial configurations.

Nonlinear Coupling Modulation

o

Edge State Nonlinear Varactor Nonlinear Varactor Nonlinear Varactor Edge State

= - —

Unit Cell Unit Cell

; Unlt (iéll 7

-JW Intense Edge State ﬂﬁx Bulk Region #- Edge State

Figure 2:1llustrates a conceptual nonlinear topolectrical lattice, where nonlinear

capacitors (varactors) modulate the coupling between nodes to control edge state dynamics.
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EXPERIMENTAL TECHNIQUES AND MEASUREMENTS

1. Impedance Spectroscopy

Impedance measurements are standard for probing topolectrical circuits. Peaks in impedance
correspond to topologically protected modes. Nonlinearity is observed as amplitude-

dependent shifts in resonance frequencies.

2. Time-Domain Measurements
Using function generators and oscilloscopes, voltage pulses are injected to study soliton

propagation, edge mode dynamics, and chaotic responses.

3. Numerical Modeling
Numerical simulations of topolectrical networks often involve Laplacian matrices for linear
systems and nonlinear differential equations for nonlinear elements. Software tools like

MATLAB, LTSpice, and Python-based simulation frameworksare commonly employed.

APPLICATIONS AND FUTURE PROSPECTS

1. Signal Processing and Communications

Topolectrical circuits enable defect-immune signal routing, while nonlinearity allows
frequency conversion, mixing, and chaos-based encryption. Combined systems promise
robust, multifunctional communication networks.

2. Energy Harvesting and Power Systems

Nonlinear circuits can enhance energy capture from ambient vibrations, while topological
design ensures robust transport of electrical energy under component failure.

3. Quantum and Superconducting Circuits

Topolectrical concepts are being extended to superconducting qubits and Josephson

junction arrays, where nonlinear interactions are critical for tunable quantum systems.

CHALLENGES AND OPEN QUESTIONS

Despite significant progress, challenges remain:

e Component tolerances: Realistic components introduce disorder that can affect
topological protection.

e Nonlinearity control: Precise modulation of nonlinear elements is technically

challenging.
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e Scaling to 3D circuits: Higher-order topological effects require complex 3D fabrication

and measurement.

Open research questions include:

e How can nonlinearity be leveraged to create topologically protected chaos?

e Can reconfigurable nonlinear topolectrical circuits be used for adaptive computation?
e How do interactions between multiple nonlinear edge states affect energy transport and

robustness?

CONCLUSION

Topolectrical and nonlinear circuits represent two vibrant areas of research with significant
intersections. Topolectrical circuits provide a framework for robust and defect-tolerant
signal transport, while nonlinear circuits enable complex dynamical phenomena such as
chaos, bifurcations, and solitons. Their combination, nonlinear topolectrical circuits, offers a
platform for tunable, multifunctional, and robust electrical systems. While experimental
realizations are still emerging, the synergy between topology and nonlinearity promises
innovative applications in signal processing, energy systems, and quantum technologies.
Future research should focus on scalable experimental designs, precise control of

nonlinearity, and integration with modern communication and computing technologies.
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