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Chapter 1. How to use this book and how the 
disciplines connect
Every domain in this book can be described by states, inputs, outputs, structures, constraints, energy 
flows, information flows, and fabrication or implementation limits. Once that common language is clear, 
moving between physics, circuits, biology, software, and AI becomes far easier.

Why this chapter matters: Every domain in this book can be described by states, inputs, outputs, 
structures, constraints, energy flows, information flows, and fabrication or implementation limits. Once 
that common language is clear, moving between physics, circuits, biology, software, and AI becomes far 
easier.

The common backbone: systems, signals, structure, and dynamics

A modern technologist should think in layers. Mathematics provides the formal language. Physics and 
chemistry provide conservation laws and material behavior. Electronics and mechanics turn laws into 
devices. Software and algorithms turn devices into purposeful systems. Biology adds self-organization, 
adaptation, and molecular computation. AI adds learned function approximators. Systems engineering 
binds all of it into a product or experiment.

The single most reusable model is the state-space view. A system has an internal state x, external inputs 
u, disturbances w, outputs y, and parameters p. Continuous systems are often written as x_dot = 
f(x,u,w,t,p), while discrete systems are written as x[k+1] = F(x[k],u[k],w[k]). Measurements satisfy y = 
h(x,u,v). This language unifies orbital mechanics, chemical reactors, analog filters, drones, gene networks, 
neurons, and transformers.

Unifying equations used throughout the book

Concept Relation Use

State evolution x_dot = f(x,u,t,p)
Mechanics, fluids, circuits, 
chemistry, control

Discrete update x[k+1] = F(x[k],u[k])
Digital logic, DSP, embedded 
systems, AI inference

Observation y = h(x,u,v)
Sensors, experiments, BCI 
decoders, Kalman filters

Conservation
accumulation = in - out + 
generation

Mass, charge, energy, probability

Optimization min_theta L(theta)
Control, ML, design trade 
studies, fitting



The scale ladder

• Subatomic and quantum scale: wave functions, operators, quantization, coherence, tunneling, spin, and 
measurement.

• Atomic and molecular scale: bonding, orbitals, reaction kinetics, catalysis, diffusion, membranes, and 
electrochemistry.

• Cellular and biological scale: genes, proteins, pathways, regulation, population dynamics, neural 
encoding, and evolution.

• Device scale: transistors, sensors, lasers, antennas, microfluidic channels, actuators, power converters, 
and memory.

• Circuit and board scale: analog front ends, clocks, interconnects, signal integrity, grounding, and EMC.

• Chip and architecture scale: VLSI, HDLs, FPGA fabrics, caches, buses, network-on-chip, and 
accelerators.

• Machine scale: robots, drones, reactors, test equipment, labs, manufacturing cells, and propulsion 
systems.

• System-of-systems scale: networks, cloud or edge AI, industrial plants, fleets, communication systems, 
and supply chains.

Major engineering families and what each one optimizes

Engineering map

Topic Reference

Mechanical / aerospace
Motion, structures, heat, fluids, aerodynamics, 
propulsion, vibration, and manufacturing.

Electrical / electronics
Power, signals, circuits, communication, control, 
electromagnetics, and computation.

Computer / software
Algorithms, abstractions, data movement, 
reliability, concurrency, and human-tool interaction.

Chemical / process
Reaction, separation, transport, scale-up, safety, 
process economics, and materials conversion.

Biomedical / biotechnology
Measurement and manipulation of living systems, 
molecular design, devices, and therapeutics.

Materials / semiconductor
Structure-processing-property relationships, 
defects, lithography, yield, and device physics.

Systems engineering
Requirements, interfaces, integration, verification, 
risk, configuration management, and lifecycle.



How to study from this book

1. First build the mathematical core in Chapter 2 and the classical physics core in Chapter 3. Without 
those, the rest feels like memorization.

2. Then choose an implementation track: electronics, chemistry and biotech, software and AI, or 
mechanics and robotics.

3. Keep a notebook of governing equations, dimensionless groups, typical magnitudes, and failure modes; 
engineering is partly the art of scale awareness.

4. For every topic, do one paper calculation, one simulation, one small build, and one measurement. 
Concepts become durable only after all four.

5. Return to Chapter 14 often; poor workflow, poor documentation, and weak verification destroy more 
projects than weak theory.

Safety note: Many topics in this book can become hazardous in practice: lasers, RF transmitters, high 
voltage, batteries, rotating propellers, chemicals, biological materials, vacuum systems, cryogens, and 
implants all require proper supervision, PPE, legal compliance, and lab discipline.



Chapter 2. Mathematics for all advanced technical 
work
Mathematics is the compression layer of technical knowledge. The same linear algebra drives quantum 
states, control, statistics, signal processing, machine learning, circuit analysis, and finite element or finite 
volume solvers.

Why this chapter matters: Mathematics is the compression layer of technical knowledge. The same 
linear algebra drives quantum states, control, statistics, signal processing, machine learning, circuit 
analysis, and finite element or finite volume solvers.

Algebra, geometry, and complex numbers

Start with algebraic fluency: manipulating symbolic expressions, factoring polynomials, solving systems of 
equations, and checking units. Geometry adds vectors, coordinate frames, rotations, and transforms. In 
engineering, many mistakes come from mixing coordinate systems, forgetting sign conventions, or ignoring 
dimensional consistency.

Complex numbers are not optional. They provide the natural language for oscillation, phasors, impedance, 
poles and zeros, Fourier analysis, stability, quantum amplitudes, and wave propagation. Write z = a + jb in 
electrical engineering and z = a + ib in mathematics and physics; the underlying geometry is identical.

Foundational relations

Concept Relation Use

Magnitude/phase z = r e^(j theta)
AC analysis, control, wave 
physics

Dot product a·b = ||a|| ||b|| cos theta Projection, work, similarity

Cross product a x b
Torque, angular momentum, 
Lorentz force

Euler formula e^(j theta)=cos theta + j sin theta Oscillations and phasors

Unit check [lhs]=[rhs] Sanity test for every derivation

Calculus and vector calculus

Differential calculus captures local change, optimization, and sensitivity. Integral calculus captures 
accumulation and area under a rate. Multivariable calculus generalizes both to fields and constrained 
optimization. Vector calculus introduces gradient, divergence, curl, and line or surface integrals.

• Gradient grad(phi): direction of steepest increase. Used in optimization, diffusion, and electrostatics.

• Divergence div(F): net outward flux density. Used in fluid continuity and Gauss-law intuition.

• Curl curl(F): local rotation. Used in vorticity and Faraday or Ampere-Maxwell structure.



• Laplacian del^2(phi): diffusion, heat, Poisson equations, wave equations, and quantum kinetic terms.

• Jacobian and Hessian: local linearization and curvature; indispensable in Newton methods, robotics, and 
control.

Linear algebra

Linear algebra is the most reused subject in this entire book. Vectors represent states or signals; matrices 
represent transformations; eigenvalues reveal natural modes; singular values reveal gain and conditioning; 
orthogonality enables clean decompositions and efficient numerics.

Important objects include basis vectors, subspaces, rank, null space, determinant, trace, positive 
definiteness, orthonormal matrices, Hermitian operators, and tensor products. In practice, you should 
develop intuition for the geometry behind these objects, not only the formulas.

Linear algebra ideas that recur across domains

Concept Relation Use

Eigenproblem A v = lambda v
Modes, resonances, stability, 
PCA

SVD A = U Sigma V^T
Compression, inverse problems, 
embeddings

Least squares min ||Ax-b||^2 Fitting, calibration, estimation

Quadratic form x^T Q x
Energy, Lyapunov functions, 
optimization

Tensor product A  B⊗
Quantum systems, 
multidimensional operators

Differential equations and dynamical systems

Ordinary differential equations describe lumped systems whose state depends on time only. Partial 
differential equations describe fields that vary over space and time. Linear time-invariant models give 
intuition, but nonlinear models dominate real engineering.

• First-order ODEs: exponential growth and decay, charging, chemical kinetics, thermal transients.

• Second-order ODEs: oscillators, mass-spring-damper systems, RLC circuits, control loops, and 
resonance.

• PDEs: heat, wave, Laplace/Poisson, Navier-Stokes, diffusion-reaction, and Maxwell equations.

• Initial value problems predict evolution; boundary value problems determine spatial fields subject to 
constraints.

• Stability, bifurcation, chaos, stiffness, and timescale separation matter as much as the explicit solution 
formula.



Probability, statistics, and information

Any real system lives under uncertainty. Probability models randomness. Statistics infers parameters and 
tests hypotheses from data. Information theory quantifies compression, uncertainty, communication limits, 
and representation quality.

Probability and information essentials

Concept Relation Use

Bayes rule p(theta|x)  p(x|theta) p(theta)∝ Inference and sensor fusion

Expectation E[X] Average behavior, moments, risk

Variance Var(X) Noise power, uncertainty spread

Entropy H(X) = -Σ p log p
Compression, uncertainty, 
regularization

Cross-entropy -Σ y log y_hat
Classification loss, language 
modeling

Optimization and numerical methods

Engineering designs are rarely solved in closed form. You discretize, approximate, iterate, and monitor 
error. Core skills include root finding, interpolation, quadrature, gradient-based optimization, constrained 
optimization, and time integration.

• Use explicit methods for simple non-stiff dynamics and implicit methods when stiffness, stability, or 
conservation makes them necessary.

• Conditioning matters: a mathematically correct problem can still be numerically useless if small 
perturbations create huge output changes.

• Always compare numerical output against limiting cases, conservation laws, and order-of-magnitude 
expectations.

• Monte Carlo methods trade analytic tractability for sampling; finite difference, finite element, and finite 
volume methods trade geometry complexity for discretized solvability.

Python sketch: integrating a first-order ODE

import numpy as np

dt = 1e-3
tau = 0.2
x = 1.0
history = []
for k in range(5000):
    dx = -(x / tau)
    x += dt * dx
    history.append(x)



Mathematical habit: Whenever a new field looks unfamiliar, ask six questions first: What are the state 
variables? What is conserved? What are the symmetries? What are the boundary conditions? What are 
the dominant scales? What approximations are justified?



Chapter 3. Classical physics and unified dynamics
Classical physics supplies the conservation laws and constitutive relationships from which most 
engineering models are built. Mechanics, thermodynamics, electromagnetism, optics, and statistical 
reasoning all appear repeatedly in the chapters that follow.

Why this chapter matters: Classical physics supplies the conservation laws and constitutive 
relationships from which most engineering models are built. Mechanics, thermodynamics, 
electromagnetism, optics, and statistical reasoning all appear repeatedly in the chapters that follow.

Mechanics: kinematics, dynamics, and constraints

Kinematics describes motion without asking why. Dynamics connects motion to forces and moments. Start 
from a free-body diagram, choose coordinates, declare constraints, and write Newton-Euler or Lagrange 
equations. In many systems, the hardest part is not solving the equation but formulating the correct one.

Mechanical relations

Concept Relation Use

Linear motion F = m a Translational dynamics

Rotation tau = I alpha Motors, flywheels, robot joints

Work-energy W = ΔK Efficiency, impact, actuator sizing

Momentum ΣF = d(mv)/dt
Propulsion and variable-mass 
systems

Lagrangian L = T - V Complex constrained systems

Resonance, damping, friction, backlash, compliance, fatigue, and manufacturability are often more 
important than a textbook-perfect equation. Real mechanisms also have tolerances, misalignment, thermal 
drift, lubrication limits, and nonlinear contact behavior.

Thermodynamics and statistical thinking

Thermodynamics tracks energy, entropy, temperature, work, and equilibrium. The first law is an accounting 
principle. The second law introduces directionality, irreversibility, and the cost of extracting useful work. 
Statistical mechanics explains macroscopic thermodynamics from microscopic populations.

Thermodynamic essentials

Concept Relation Use

First law dU = δQ - δW Energy accounting

Entropy balance dS >= δQ/T Irreversibility and limits



Concept Relation Use

Enthalpy H = U + pV Flow systems, reactors, HVAC

Gibbs free energy G = H - TS
Chemical equilibrium, 
electrochemistry

Helmholtz free energy A = U - TS
Constant-volume 
thermodynamics

Heat transfer breaks into conduction, convection, and radiation. Whenever temperatures matter in 
electronics, lasers, batteries, propulsion, or biochemical reactors, thermal design is a first-class discipline, 
not an afterthought.

Electromagnetism

Electromagnetism unifies electrostatics, magnetostatics, waves, radiation, and circuits. Maxwell's 
equations are the field equations; circuit laws are the low-frequency lumped approximations that emerge 
when dimensions are small relative to the wavelength.

Field laws that become design rules

Concept Relation Use

Gauss electric div(E) = rho/epsilon Fields from charge distributions

Gauss magnetic div(B) = 0
No isolated magnetic monopoles 
in classical EM

Faraday curl(E) = -dB/dt
Induction, transformers, 
generators

Ampere-Maxwell curl(H) = J + dD/dt
Current, displacement current, 
waves

Lorentz force F = q(E + v x B) Charged particle motion, MHD

In practice, EM design means controlling field distributions with geometry, materials, shielding, grounding, 
return paths, and boundary conditions. Signal integrity, antenna radiation, EMC, microwave matching, and 
photonics all grow from the same field theory.

Waves, optics, and materials

Waves appear in strings, fluids, acoustics, electromagnetic fields, optical cavities, and quantum 
amplitudes. Key ideas are superposition, phase, dispersion, interference, group velocity, attenuation, 
impedance, and boundary reflection. Optics adds refraction, diffraction, polarization, coherence, lenses, 
resonators, and detectors.



Materials science sits underneath nearly every engineering decision. Structure determines properties: 
crystal order, defects, grain boundaries, dopants, polymer chains, composite layups, phase 
transformations, and microstructure all shape electrical, thermal, optical, and mechanical behavior.

Dimensionless reasoning and scaling

Dimensionless numbers tell you what physics dominates. They let you compare laboratory prototypes, 
manufactured products, aircraft, electrochemical cells, and simulations. Examples include Reynolds, Mach, 
Prandtl, Nusselt, Biot, Peclet, Damkohler, magnetic Reynolds, and Hartmann numbers.

• If Reynolds number is low, viscosity dominates; if high, inertia dominates and turbulence may matter.

• If Mach number is small, incompressible approximations often work; near or above unity, compressibility 
and shocks matter.

• If a circuit or interconnect length becomes a meaningful fraction of wavelength, lumped approximations 
fail and transmission-line thinking is required.

• If the magnetic Reynolds number is small, induced magnetic fields are weak; if large, the flow can advect 
magnetic flux significantly.



Chapter 4. Quantum mechanics
Quantum mechanics is the theory of physical systems whose states live in complex vector spaces and 
whose observables are operators. It is central to semiconductor devices, lasers, chemistry, quantum 
information, and much of modern physics.

Why this chapter matters: Quantum mechanics is the theory of physical systems whose states live in 
complex vector spaces and whose observables are operators. It is central to semiconductor devices, 
lasers, chemistry, quantum information, and much of modern physics.

Postulates and intuition

A quantum state is represented by a normalized vector in Hilbert space or by a density operator for mixed 
states. Physical observables are represented by Hermitian operators. Time evolution is unitary for isolated 
systems. Measurement returns eigenvalues with probabilities given by state overlap.

The theory is linear, but measurements appear probabilistic. Interference arises because amplitudes, not 
probabilities, add before squaring. Entanglement arises because composite systems use tensor products, 
allowing correlations that cannot be decomposed into independent subsystem states.

Quantum essentials

Concept Relation Use

State |psi> or rho Pure and mixed descriptions

Schrodinger i hbar d|psi>/dt = H|psi> Time evolution

Born rule P(a) = |<a|psi>|^2 Measurement probabilities

Expectation <A> = <psi|A|psi> Observable averages

Commutator [A,B] = AB - BA Compatibility and uncertainty

Canonical systems

• Particle in a box: quantized energy from boundary conditions.

• Harmonic oscillator: ladder operators, phonons, photons, and Gaussian states.

• Spin-1/2 and qubits: two-level systems, Pauli matrices, Bloch sphere intuition.

• Hydrogenic atoms: orbital structure, quantum numbers, spectroscopy, and chemistry roots.

• Tunneling and band structure: central to diodes, transistors, STM, Josephson physics, and 
nanotechnology.



Approximation methods and open systems

Real quantum problems often require approximation: perturbation theory, variational methods, 
semiclassical models, adiabatic reasoning, and numerical diagonalization. Open quantum systems interact 
with environments, causing decoherence and dissipation. Density matrices, Lindblad models, and noise 
channels matter whenever coherence is not perfectly protected.

Why engineers need quantum mechanics

• Semiconductor band engineering depends on quantum states in periodic lattices.

• Lasers depend on quantized transitions, stimulated emission, cavity modes, and population inversion.

• Magnetic resonance, superconducting circuits, Josephson junctions, and photonics all require quantum 
descriptions.

• Quantum chemistry, material discovery, and certain sensors all use quantum-mechanical models even 
when the end product is classical.



Chapter 5. Quantum computing
Quantum computing uses controllable quantum systems to perform computation through unitary gates, 
measurement, and entanglement. The field combines quantum mechanics, information theory, hardware 
engineering, control, cryogenics, and software.

Why this chapter matters: Quantum computing uses controllable quantum systems to perform 
computation through unitary gates, measurement, and entanglement. The field combines quantum 
mechanics, information theory, hardware engineering, control, cryogenics, and software.

Qubits, gates, circuits, and algorithms

A qubit is a controllable two-level system with state alpha|0> + beta|1>. Multi-qubit states occupy tensor-
product spaces whose dimension doubles with each added qubit. Computation consists of state 
preparation, gate application, idle periods with noise, and measurement.

Computing primitives

Concept Relation Use

Single-qubit rotation U = exp(-i theta n·sigma /2)
Control pulses and gate 
synthesis

Entangling gates CNOT, CZ, iSWAP, etc. Universal quantum computation

Measurement Projective or POVM Readout and classical extraction

Circuit depth Sequential gate layers Coherence budget

Fidelity Similarity to ideal operation Hardware and compiler metric

• Superposition alone is not an advantage; the advantage comes from interference structure, 
entanglement, and algorithm design.

• Not every problem is improved by quantum hardware. The field is strongest where amplitudes, hidden 
structure, or quantum simulation matter.

• Canonical algorithms include phase estimation, Shor-style period finding, Grover-style amplitude 
amplification, and variational hybrid methods.

Hardware modalities

Representative hardware families

Topic Reference

Superconducting circuits
Microwave-controlled Josephson systems; fast 
gates, cryogenic operation, significant calibration 
load.



Topic Reference

Trapped ions
Excellent coherence and fidelity; slower gates and 
demanding optical control.

Neutral atoms / Rydberg arrays Promising connectivity and analog-digital flexibility.

Photonic systems
Room-temperature optics in some settings; 
challenges in deterministic interactions and 
scaling.

Spin qubits / solid-state defects
Semiconductor compatibility and materials 
challenges.

Noise, error correction, and realistic expectations

Noise channels include dephasing, relaxation, crosstalk, leakage, control miscalibration, and readout error. 
Because quantum information cannot be copied arbitrarily, error correction uses carefully structured 
redundancy such as surface-code style stabilizer measurements. Logical qubits therefore require 
substantial overhead.

• NISQ-era work focuses on characterization, calibration, noise mitigation, hybrid algorithms, and domain-
specific simulation.

• Scalable fault-tolerant quantum computing demands improvements in materials, fabrication, packaging, 
cryogenics, microwave engineering, control electronics, and compiler/runtime stacks.

• Quantum computing should be viewed as one specialized compute substrate among many, not a 
universal replacement for classical computing.



Chapter 6. Chemistry, chemical engineering, 
biotechnology, and DNA-based computation
Chemistry explains matter transformation. Chemical engineering explains how to move, control, separate, 
and scale those transformations. Biotechnology adds living systems, metabolism, genetics, and molecular 
information processing.

Why this chapter matters: Chemistry explains matter transformation. Chemical engineering explains 
how to move, control, separate, and scale those transformations. Biotechnology adds living systems, 
metabolism, genetics, and molecular information processing.

Core chemistry

Chemistry begins with electronic structure, bonding, geometry, intermolecular forces, thermodynamics, and 
kinetics. Reaction networks are governed by stoichiometry, equilibrium constants, activation barriers, 
diffusion, and solvent effects.

Chemical relations

Concept Relation Use

Rate law r = k(T) f(concentration)
Reaction speed and reactor 
design

Arrhenius k = A exp(-Ea/RT) Temperature dependence

Equilibrium ΔG = ΔG° + RT ln Q
Direction of reaction and cell 
potential

Nernst E = E° - RT/(nF) ln Q Electrochemistry

Diffusion J = -D grad(c)
Membranes, microfluidics, 
catalysis

Chemical engineering

Chemical engineering is a transport-and-scale discipline. It studies momentum, heat, and mass transfer; 
reaction engineering; phase equilibrium; separation processes; process control; plant safety; and techno-
economics. The mass-balance template accumulation = in - out + generation is fundamental.

• Reactor archetypes: batch, CSTR, plug-flow, packed-bed, trickle-bed, fluidized-bed, electrochemical 
reactor, photochemical reactor.

• Separation archetypes: distillation, extraction, absorption, adsorption, membranes, crystallization, 
centrifugation, chromatography.

• Scale-up changes everything: mixing, shear, oxygen transfer, thermal gradients, fouling, materials 
compatibility, cleaning, and regulatory requirements.



• Process safety is non-negotiable: runaway reaction risk, toxicity, flammability, corrosion, pressure, 
contamination, and waste handling must be engineered explicitly.

Biology and biotechnology

Biotechnology relies on cell biology, biochemistry, genetics, and systems biology. Genes encode RNAs 
and proteins; proteins catalyze reactions and regulate networks; cells sense signals, consume energy, and 
adapt. Engineering enters through measurement, design, selection, and process control.

• Central dogma intuition: DNA stores sequence information, RNA carries or regulates, proteins execute 
many functions.

• Enzymes follow binding and catalysis kinetics; Michaelis-Menten is a simplified starting point, not a full 
truth.

• Bioprocess engineering studies media, growth, induction, expression, purification, contamination control, 
and quality attributes.

• Synthetic biology designs promoters, ribosome binding sites, coding sequences, circuits, and feedback 
to shape cell behavior.

Biological and biochemical relations

Concept Relation Use

Michaelis-Menten v = Vmax [S]/(Km + [S]) Enzyme kinetics intuition

Population growth dN/dt = rN(1 - N/K) Culture growth and ecology

Hill function f(x)=x^n/(K^n + x^n) Gene regulation, saturation

Chemical potential mu_i = dG/dn_i
Transport and reaction driving 
force

Osmosis pi ~ cRT Membranes and cells

Biocomputation and DNA programming

Biocomputation treats molecules, cells, or reaction networks as information processors. DNA-based 
computation uses sequence-specific hybridization, strand displacement, enzymatic processing, or 
molecular assembly to implement logic, memory, sensing, and control. Molecular systems are powerful for 
parallelism, sensing, and wet-lab programmability, but they are not general drop-in replacements for 
electronic computers.

• A DNA circuit often uses toehold-mediated strand displacement to represent logic states and drive 
cascades.

• Chemical reaction networks provide a high-level abstraction for mapping desired dynamics to molecular 
implementations.

• DNA storage, biosensing, smart therapeutics, and in situ molecular control are more realistic near-term 
themes than bulk general-purpose molecular CPUs.



• Noise, leakage, crosstalk, degradation, sequence design, purification quality, and environmental 
conditions strongly affect behavior.

Biopython-style sketch: reading a FASTA file

from Bio import SeqIO

for record in SeqIO.parse("example.fasta", "fasta"):
    print(record.id, len(record.seq))

Practical biology mindset: Biological systems are adaptive, stochastic, and history-dependent. Expect 
heterogeneity, context dependence, nonlinearity, and measurement limits. Build statistical thinking and 
experimental controls into every biological workflow.



Chapter 7. Electrical engineering, circuit design, 
and schematic reading
Electrical engineering turns charge, fields, and materials into useful signal-processing, control, 
communication, sensing, and power-conversion systems. Strong circuit intuition remains one of the most 
transferable technical skills.

Why this chapter matters: Electrical engineering turns charge, fields, and materials into useful signal-
processing, control, communication, sensing, and power-conversion systems. Strong circuit intuition 
remains one of the most transferable technical skills.

Lumped circuits and analysis methods

At low enough frequency and small enough geometry, circuits can be modeled with lumped elements. Start 
with Ohm's law, Kirchhoff's current law, and Kirchhoff's voltage law. Then move to nodal analysis, mesh 
analysis, Thevenin/Norton equivalence, superposition, transient response, and small-signal linearization.

Circuit relations

Concept Relation Use

Ohm law V = I R Resistive networks

Capacitor I = C dV/dt Charge storage and filtering

Inductor V = L dI/dt Magnetics and energy transfer

Impedance Z_R=R, Z_C=1/(jωC), Z_L=jωL AC and frequency response

Power P = VI = I^2 R = V^2/R Thermal and supply design

Analog building blocks

• Operational amplifiers: understand ideal assumptions, common-mode range, input bias, offset, noise, 
gain-bandwidth, slew rate, and stability.

• Transistors: BJT and MOSFET devices serve as switches, amplifiers, level shifters, current sources, and 
power stages.

• Filters: low-pass, high-pass, band-pass, notch, active or passive; poles and zeros shape time and 
frequency behavior.

• Converters: ADCs and DACs trade resolution, speed, noise, linearity, and power.

• Power supplies: linear regulators are simple and quiet; switching regulators are efficient but require 
layout, compensation, and EMI care.



Digital logic and mixed-signal boundaries

Digital electronics abstracts voltages into logic states, but the abstraction is only reliable when timing, 
thresholds, power integrity, and interconnect quality are controlled. The analog-digital boundary is often 
where systems fail: clocks couple into sensors, grounds bounce, ADC references move, and fast edges 
radiate.

How to read schematics

1. Find the power tree first: supplies, regulators, protections, references, grounds, current paths, 
sequencing, and decoupling.

2. Identify interfaces next: connectors, microcontrollers, transceivers, clocks, memory buses, sensors, and 
test points.

3. Look for functional blocks and feedback loops: amplifiers, filters, control loops, drivers, measurement 
paths, and isolation barriers.

4. Track nets, labels, and reference designators carefully; verify whether names imply actual copper 
connectivity or only hierarchical intent.

5. Check component values and pin polarity. Many board failures are simple orientation or footprint 
mistakes.

6. Ask what the default state is at power-up, reset, fault, and unplugged conditions. Robust design 
includes defined states, not just normal-mode behavior.

How to design schematics that are readable and manufacturable

• Draw left-to-right signal flow and top-to-bottom power flow whenever possible.

• Group parts by function, not by package reference number.

• Show connector pin names, net names, test points, mounting notes, and supply assumptions explicitly.

• Add decoupling capacitors close to each IC supply pin, and show value plus dielectric assumptions 
when they matter.

• Use reference designators consistently; separate functional sheets cleanly; avoid spaghetti wires by 
using meaningful net labels.

• Run ERC, peer review, and BOM sanity checks before layout starts.

Layout awareness for circuit designers

A schematic is not the final circuit. Board layout changes parasitics, coupling, thermal performance, and 
manufacturability. Return paths, plane continuity, loop area, differential-pair symmetry, impedance control, 
and decoupling placement all matter. At RF or high-speed digital frequencies, the layout is effectively part 
of the circuit model.

C sketch: a microcontroller loop with ADC read and PWM write

while (1) {
    uint16_t adc = read_adc(CHANNEL_0);
    uint16_t duty = control_law(adc);
    set_pwm_duty(TIMER1, duty);
}



Chapter 8. RF, microwave engineering, and 
electromagnetics in practice
RF and microwave engineering begins where lumped-circuit intuition alone becomes insufficient. 
Transmission lines, distributed fields, impedance matching, radiation, and measurement calibration 
dominate the design workflow.

Why this chapter matters: RF and microwave engineering begins where lumped-circuit intuition alone 
becomes insufficient. Transmission lines, distributed fields, impedance matching, radiation, and 
measurement calibration dominate the design workflow.

Transmission lines and S-parameters

Once interconnect length is no longer electrically short, voltage and current vary along the structure. 
Telegrapher equations describe propagation, loss, and reflection. S-parameters replace open-circuit or 
short-circuit intuition for many high-frequency networks because direct voltage and current definitions 
become awkward.

RF and microwave relations

Concept Relation Use

Characteristic impedance Z0 = sqrt((R+jωL)/(G+jωC)) Line behavior

Propagation constant gamma = alpha + j beta Loss and phase delay

Reflection coefficient Gamma = (ZL-Z0)/(ZL+Z0) Mismatch and return loss

VSWR (1+|Gamma|)/(1-|Gamma|) Standing waves

Wavelength lambda = v_p / f Electrical size and resonance

Matching, filtering, amplification, and conversion

• Matching networks transform impedances to minimize reflection and maximize power transfer or noise 
performance.

• Amplifiers trade gain, linearity, efficiency, stability, noise figure, and bandwidth.

• Mixers perform frequency translation but create images, intermodulation, LO feedthrough, and spur 
products.

• Filters impose spectral structure and are characterized by insertion loss, passband ripple, stopband 
rejection, and group delay.

• Oscillators need a sustained loop condition and careful phase-noise management.



Antennas, propagation, and radar intuition

An antenna is a geometry that converts guided electromagnetic energy to radiation and back. Core 
concepts include radiation pattern, polarization, gain, directivity, efficiency, effective aperture, bandwidth, 
and near-versus-far field behavior. Link budgets combine transmitter power, antenna gains, path loss, 
atmospheric or material attenuation, and receiver sensitivity.

Useful propagation relations

Concept Relation Use

Friis Pr = Pt Gt Gr (lambda/(4 pi R))^2 Free-space link budget

Radar equation
Pr  Pt G^2 lambda^2 sigma / ∝
R^4

Monostatic radar intuition

Noise power P_n = k T B Receiver floor

Noise figure NF or F Receiver degradation

Q factor Q = f0 / BW Resonance sharpness

Microwave measurement discipline

• Calibrate the vector network analyzer for the exact connector plane of interest.

• Treat cables, launches, fixtures, and enclosures as part of the measurement unless you de-embed them.

• At microwave frequencies, connectors, solder, vias, and enclosure seams can dominate the result.

• Check both magnitude and phase; a good-looking amplitude trace can still hide a disastrous delay or 
stability problem.

Design instinct: When an RF design fails, ask first whether the issue is mismatch, stability, grounding, 
unintended radiation, loss, calibration error, or enclosure coupling. Those failure modes are more 
common than exotic theory mistakes.



Chapter 9. Semiconductors, VLSI, lithography, 
HDLs, FPGA, and microcontrollers
This chapter connects material physics to chip design, digital hardware description, reconfigurable logic, 
and embedded control. It is where quantum physics, fabrication, architecture, and practical engineering 
meet.

Why this chapter matters: This chapter connects material physics to chip design, digital hardware 
description, reconfigurable logic, and embedded control. It is where quantum physics, fabrication, 
architecture, and practical engineering meet.

Semiconductor physics

Semiconductors sit between conductors and insulators because their band structure allows controlled 
carrier populations. Doping shifts carrier concentration, junctions create depletion regions, and fields steer 
carriers. Diodes, BJTs, MOSFETs, photodiodes, LEDs, lasers, and many sensors emerge from these 
principles.

Semiconductor ideas

Concept Relation Use

Carrier drift J_drift  q n mu E∝ Field-driven conduction

Carrier diffusion J_diff  q D grad(n)∝ Concentration-driven transport

pn junction Depletion + built-in potential Rectification and sensing

MOSFET Gate field modulates channel
Digital switching and analog 
control

Bandgap E_g
Optoelectronics and device 
behavior

CMOS and VLSI

CMOS logic uses complementary transistors to implement low-static-power digital logic. VLSI design 
scales this to millions or billions of devices under constraints of area, timing, power, yield, testability, and 
manufacturability.

• Digital design moves from specification to RTL to verification to synthesis to place-and-route to static 
timing to signoff and fabrication.

• Key concerns include clock distribution, metastability, setup and hold timing, asynchronous crossings, 
power gating, IR drop, electromigration, and design for test.

• Analog and mixed-signal VLSI add matching, noise, parasitics, common-centroid layout, biasing, and 
process variation sensitivity.



• Memory macros, interface IP, and package parasitics strongly shape floorplanning and performance.

Lithography and laser patterning

Lithography transfers patterns to a resist-coated substrate using light and subsequent process steps such 
as development, etch, deposition, and lift-off. Resolution depends on wavelength, numerical aperture, 
process control, resist chemistry, and pattern correction. Direct laser writing is useful for rapid prototyping, 
masks, and some microfabrication workflows, while projection photolithography dominates high-volume 
integrated-circuit manufacturing.

• A lithography flow often includes substrate preparation, resist spin, soft bake, alignment, exposure, post-
exposure bake, development, inspection, and transfer.

• Overlay, line-edge roughness, focus, dose, standing waves, and process bias determine whether 
geometry prints as intended.

• Yield is not only a design property; it is a process-window property.

HDLs and hardware design thinking

HDLs such as Verilog, SystemVerilog, and VHDL describe hardware concurrency, not sequential software 
execution. Good HDL design starts from timing, interfaces, finite-state machines, resource sharing, and 
reset behavior.

Verilog sketch: synchronous counter

module counter (
    input  wire clk,
    input  wire rst_n,
    output reg  [7:0] q
);
always @(posedge clk) begin
    if (!rst_n) q <= 8'd0;
    else        q <= q + 8'd1;
end
endmodule

• Think in registers, combinational paths, clock domains, and valid-ready handshakes.

• Simulate before synthesis, lint before place-and-route, and constrain clocks explicitly.

• Beware inferred latches, unintended asynchronous behavior, multiply driven nets, and reset ambiguity.

• Verification includes unit testbenches, constrained-random methods, formal checks, timing checks, and 
hardware-in-the-loop.

FPGA and microcontrollers

A microcontroller is a programmable sequential processor with peripherals. An FPGA is a configurable 
fabric of logic, memory, routing, and often DSP or hardened interface blocks. Microcontrollers excel at 
control, protocol handling, and low-power embedded software. FPGAs excel at deterministic parallel data 
paths, custom timing, low-latency interfaces, and hardware specialization.

Microcontroller versus FPGA

Topic Reference

Execution model Microcontroller: instruction stream. FPGA: spatially 



Topic Reference

configured logic operating in parallel.

Timing
Microcontroller: software and interrupts. FPGA: 
clocked hardware paths with cycle-level 
determinism.

Best use
Microcontroller: control firmware, sensor hubs, 
housekeeping. FPGA: high-speed I/O, custom 
pipelines, DSP, video, SDR.

Development
Microcontroller: C/C++/Rust-style firmware. FPGA: 
HDL, simulation, synthesis, timing closure.

C++ sketch: a small PID controller class

class PID {
public:
    PID(float kp, float ki, float kd) : kp_(kp), ki_(ki), kd_(kd) {}
    float step(float e, float dt) {
        integ_ += e * dt;
        float deriv = (e - prev_) / dt;
        prev_ = e;
        return kp_ * e + ki_ * integ_ + kd_ * deriv;
    }
private:
    float kp_, ki_, kd_;
    float integ_ = 0.0f, prev_ = 0.0f;
};



Chapter 10. Software engineering and programming 
in Python, C, C++, and C#
Software engineering is the discipline of building reliable, maintainable systems under changing 
requirements and imperfect understanding. Programming languages differ in ergonomics and performance 
trade-offs, but architecture, testing, and clarity matter even more.

Why this chapter matters: Software engineering is the discipline of building reliable, maintainable 
systems under changing requirements and imperfect understanding. Programming languages differ in 
ergonomics and performance trade-offs, but architecture, testing, and clarity matter even more.

Core software engineering principles

• Define interfaces early: data contracts, error behavior, timing guarantees, units, concurrency 
assumptions, and ownership.

• Separate concerns: device drivers, control logic, signal processing, data models, and user interfaces 
should not be entangled.

• Prefer version control, code review, static analysis, reproducible builds, and automated tests from the 
first week of a project.

• Optimize the right thing. Profiling beats guessing.

• Make logs and metrics first-class artifacts. A system you cannot observe is difficult to debug and 
impossible to trust.

Object-oriented programming and adjacent paradigms

OOP packages data and behavior into objects with encapsulation, abstraction, inheritance, and 
polymorphism. It can improve organization when the domain naturally has stable entities and interfaces. It 
can also be overused. Modern engineering usually mixes procedural, functional, data-oriented, and object-
oriented styles.

• Use classes to protect invariants and define clear interfaces, not merely because a language supports 
them.

• Favor composition over inheritance when behavior should be assembled rather than rigidly derived.

• Immutable data structures simplify reasoning in concurrent or distributed software.

• Data-oriented design can outperform class-heavy designs in simulation, game engines, and ML runtimes 
due to locality and vectorization.

Python

Python is excellent for glue code, automation, data analysis, scientific computing, AI workflows, and rapid 
prototyping. Its ecosystem makes it unusually powerful as a systems integration language even when 
performance-critical kernels live elsewhere.



Python sketch: matrix multiplication with NumPy semantics

import numpy as np

A = np.random.randn(4, 4)
x = np.random.randn(4)
y = A @ x

• Use type hints, virtual environments, tests, and formatting tools to keep large Python codebases sane.

• Know when to vectorize, when to write C extensions or use JIT tools, and when to move hot loops into 
lower-level languages.

• Python is especially effective as the orchestration layer around C/C++, GPUs, lab instruments, and cloud 
or edge services.

C and C++

C is small, transparent, and close to the machine. It remains important in kernels, embedded firmware, 
drivers, runtimes, and safety- or resource-constrained systems. C++ adds stronger abstraction facilities, 
templates, RAII, generic programming, and large-scale library culture, while still allowing low-level control.

• In C, memory management, aliasing, undefined behavior, and integer edge cases demand discipline.

• In C++, prefer RAII, smart pointers where ownership is shared or dynamic, value semantics where 
practical, and clear API boundaries.

• Use const-correctness, unit tests, sanitizers, and careful compiler warnings.

• The power of C++ comes with complexity; style guides and restrained language subsets are often 
necessary on teams.

C#

C# is a productive general-purpose language with strong tooling, managed memory, expressive 
abstractions, asynchronous programming support, and a mature ecosystem. It is widely used for business 
software, desktop tools, services, developer tooling, scientific applications, and game development in 
some engines.

C# sketch: asynchronous sensor read

public async Task<double> ReadSensorAsync()
{
    byte[] data = await port.ReadAsync(8);
    return ParseMeasurement(data);
}

Concurrency, networking, and systems thinking

Modern software rarely runs in a single straight line. Threads, processes, interrupts, event loops, DMA 
engines, network sockets, and distributed systems all create concurrency. The central problems are 
ordering, ownership, latency, consistency, fault handling, and backpressure.

• Prefer clear state machines and bounded queues over ad hoc shared mutable state.

• Measure worst-case latency, not just average latency, when software drives hardware or control 
systems.



• Specify serialization formats, time synchronization, and error recovery behavior explicitly in distributed or 
robotic systems.



Chapter 11. AI design from scratch, local LLMs, 
embeddings, and RAG
AI systems are built by combining mathematics, optimization, data engineering, compute, evaluation, and 
deployment discipline. The most valuable skill is not memorizing model names but understanding 
representations, objectives, and failure modes.

Why this chapter matters: AI systems are built by combining mathematics, optimization, data 
engineering, compute, evaluation, and deployment discipline. The most valuable skill is not memorizing 
model names but understanding representations, objectives, and failure modes.

From linear models to deep networks

A supervised model learns a function from examples. Start with linear regression and logistic regression 
because they teach feature spaces, loss functions, regularization, generalization, and calibration. Neural 
networks stack affine transforms with nonlinearities to learn richer representations.

Machine learning essentials

Concept Relation Use

Linear layer y = W x + b Representation transformation

Gradient descent theta <- theta - eta grad L Optimization

Regularization L + lambda R(theta) Control overfitting

Softmax p_i = exp(z_i)/Σ exp(z_j) Classification probabilities

Attention softmax(QK^T/sqrt(d)) V Transformer core

Neural network design

• Convolutions exploit locality and weight sharing; recurrent models exploit sequence recurrence; 
transformers exploit attention and scale well with parallel hardware.

• Training stability depends on initialization, normalization, optimizer choice, data quality, batching, 
curriculum, and monitoring.

• Evaluation must include not only training loss but out-of-distribution behavior, calibration, robustness, 
latency, memory footprint, and safety properties.

• Model quality is bounded by data quality, label quality, and objective alignment as much as by parameter 
count.



Local LLMs

A local LLM stack typically includes tokenization, model weights, an inference runtime, quantization 
choices, prompt templates, tool calling or external actions, memory policies, and evaluation harnesses. 
Running locally trades some model scale for privacy, control, predictable cost, edge deployment, and 
offline capability.

• Quantization reduces memory and bandwidth cost but can reduce quality if done aggressively.

• Context windows create both opportunity and illusion; retrieval and summarization are often better than 
simply stuffing more text into prompts.

• Inference performance depends on memory bandwidth, attention implementation, batch behavior, KV-
cache handling, and hardware placement.

• Local deployment still needs guardrails, logging, and red-team style evaluation.

Embeddings and retrieval

Embeddings map text, code, images, or multimodal data into vector spaces where semantic similarity 
becomes geometric similarity. They enable search, clustering, deduplication, reranking, anomaly detection, 
and retrieval-augmented generation.

• A good embedding pipeline needs chunking policy, metadata, normalization, indexing, filtering, and 
evaluation on real queries.

• Cosine similarity is common, but metric choice, dimensionality, and distribution shape matter.

• A retriever finds candidates; a reranker can improve precision; generation then conditions on retrieved 
evidence.

RAG

RAG connects a generator to an external knowledge store so answers can be grounded in specific 
documents. A strong RAG system is mostly an information-retrieval and systems-engineering problem, not 
only a prompting problem.

1. Ingest and parse source material; preserve clean metadata and versioning.

2. Chunk content at boundaries that preserve meaning rather than arbitrary fixed lengths.

3. Embed, index, and filter with metadata-aware retrieval.

4. Retrieve candidates, rerank if needed, and assemble a context packet with citations.

5. Generate an answer that distinguishes sourced facts, inference, and uncertainty.

6. Evaluate retrieval recall, answer faithfulness, citation correctness, latency, and update workflow.

Python-style pseudocode for a compact RAG loop

query_vec = embed(query)
candidates = vector_index.search(query_vec, top_k=20)
ranked = rerank(query, candidates)[:5]
context = assemble_context(ranked)
answer = llm.generate(prompt_with_context(query, context))



What 'from scratch' really means in AI

Designing AI from scratch means understanding data collection, labeling or self-supervision, objective 
design, architecture selection, numerical training, hardware constraints, evaluation, deployment, continual 
maintenance, and sociotechnical risk. It does not mean manually coding every matrix multiply; it means 
owning the logic of the full stack.



Chapter 12. Fluid dynamics, aerodynamics, 
propulsion, control, robotics, and drone design
This chapter joins motion, flow, sensing, and control. It covers the dynamics of vehicles and manipulators, 
the physics of fluids and lift, propulsion principles, and the system architecture required for robotics and 
drones.

Why this chapter matters: This chapter joins motion, flow, sensing, and control. It covers the dynamics 
of vehicles and manipulators, the physics of fluids and lift, propulsion principles, and the system 
architecture required for robotics and drones.

Fluid dynamics

Fluid dynamics studies the motion of liquids and gases. Start from conservation of mass, momentum, and 
energy. The Navier-Stokes equations combine inertia, pressure, viscosity, and body forces. Useful 
approximations depend on Reynolds number, compressibility, boundary-layer thickness, and geometry.

Fluid and flow relations

Concept Relation Use

Continuity d rho/dt + div(rho u) = 0 Mass conservation

Momentum
rho Du/Dt = -grad p + mu del^2 u 
+ body forces

Navier-Stokes core

Bernoulli p + 1/2 rho v^2 + rho g h = const Ideal-flow intuition

Reynolds number Re = rho V L / mu Inertia vs viscosity

Mach number M = V / a Compressibility importance

• Boundary layers determine drag, heat transfer, stall onset, and transition.

• Turbulence is not just 'messy flow'; it is a hierarchy of unsteady eddies and transport processes requiring 
model or simulation choices.

• CFD is only as good as geometry cleanup, meshing, turbulence modeling, boundary conditions, solver 
setup, and validation against experiment.

Aerodynamics and aircraft intuition

Aerodynamics studies lift, drag, moments, stability, control authority, and flow behavior around airfoils and 
bodies. Lift can be understood through circulation, pressure distribution, and momentum deflection 
together. Avoid one-sentence myths that treat it as only one of these.

• Key coefficients are lift coefficient, drag coefficient, and moment coefficient.

• Airfoil shape, angle of attack, Reynolds number, surface finish, and Mach number all affect performance.



• Static and dynamic stability matter as much as raw lift-to-drag ratio in real vehicles.

• Propellers and rotors are rotating wings; blade element and momentum theory provide useful design 
approximations.

Propulsion and MHD propulsion

Propulsion converts stored energy into momentum exchange. Rockets accelerate reaction mass; electric 
thrusters accelerate ions or plasma; propellers accelerate air; pumps and jets accelerate fluid. 
Performance metrics include thrust, specific impulse, efficiency, power density, thermal load, and 
controllability.

Propulsion relations

Concept Relation Use

Thrust
T = dot(m)(V_e - V_0) + (p_e - 
p_0) A_e

Rocket and jet intuition

Specific impulse Isp = T / (dot(m) g0) Propellant efficiency

Disk loading T / A Rotorcraft and propeller sizing

Lorentz body force f = J x B MHD propulsion core

Magnetic Reynolds Rm = mu sigma V L Field-flow coupling importance

MHD propulsion uses the Lorentz force created by current flowing through a conductive fluid in a magnetic 
field. It is physically real but practically constrained by conductivity, electrode losses, required magnetic 
fields, heat generation, and overall power-system mass. It is a good study case for coupled 
electromagnetics, fluid mechanics, materials, and energy conversion.

Control theory

Control closes the loop between desired behavior and measured behavior. The classical toolkit includes 
transfer functions, root locus, Bode and Nyquist plots, PID, lead-lag compensation, and frequency margins. 
The modern toolkit includes state-space models, observers, Kalman filters, LQR, MPC, and nonlinear 
control.

Control essentials

Concept Relation Use

State-space x_dot = A x + B u; y = C x + D u Model-based design

Transfer function G(s) = Y(s)/U(s) Frequency-domain design

PID
u = Kp e + Ki integral e dt + Kd 
de/dt

General-purpose control



Concept Relation Use

Kalman filter Prediction + update Sensor fusion and estimation

Lyapunov V(x) > 0, dV/dt < 0 Stability reasoning

Robotics

Robotics integrates mechanics, sensing, control, computation, and task planning. A robot may be a 
manipulator, mobile base, aerial system, soft robot, swarm, or biohybrid device. Core layers are 
kinematics, dynamics, estimation, control, planning, perception, and safety.

• Forward kinematics maps joint coordinates to pose; inverse kinematics solves the opposite problem.

• Dynamics determines actuator sizing, battery load, compliance, and disturbance rejection needs.

• Localization and mapping combine inertial, visual, lidar, GNSS, wheel, or other sensors.

• Behavior trees, finite-state machines, and planners organize task execution above the low-level control 
loops.

Drone design

1. Define the mission first: hover time, payload, range, speed, environment, autonomy level, and legal 
envelope.

2. Estimate weight honestly: airframe, propulsion, battery, wiring, flight controller, telemetry, sensors, and 
payload.

3. Choose propulsion based on thrust margin, efficiency at target operating point, propeller diameter limits, 
and thermal headroom.

4. Design power distribution, voltage regulation, and EMI control around the flight controller and radios.

5. Fuse IMU, barometer, GNSS, vision, or other sensors; tune attitude, rate, and position loops in a staged 
way.

6. Validate with tethered tests, propulsion balancing, vibration analysis, log review, and conservative 
expansion of the flight envelope.



Chapter 13. Brain-computer interfaces and 
neuromorphic computing
BCI and neuromorphic computing both sit at the boundary between engineering and neuroscience. One 
reads or modulates neural activity; the other builds hardware or algorithms inspired by neural computation.

Why this chapter matters: BCI and neuromorphic computing both sit at the boundary between 
engineering and neuroscience. One reads or modulates neural activity; the other builds hardware or 
algorithms inspired by neural computation.

Brain-computer interfaces

A BCI measures neural activity, extracts informative features, decodes intent or state, and sometimes 
feeds information back to the user or nervous system. Signal sources include EEG, ECoG, intracortical 
arrays, EMG-adjacent signals, and other physiological measurements.

• Acquisition problems: electrode placement, impedance, motion artifact, line noise, drift, and 
biocompatibility.

• Signal-processing steps: filtering, referencing, artifact rejection, feature extraction in time, frequency, and 
time-frequency domains.

• Decoding methods: linear discriminants, Kalman filters, state-space models, recurrent networks, 
transformers, and hybrid adaptive methods.

• Closed-loop design matters: latency, feedback modality, adaptation, and human learning change the 
joint system behavior.

Neural-signal engineering motifs

Concept Relation Use

Band power integral PSD over band EEG rhythm features

Spike rate count / window Intracortical decoding

Observation model y = Cx + v State-space neural decoding

Mutual information I(X;Y) Neural encoding quality

Latency budget
acquire + process + decide + 
actuate

BCI usability

Neuromorphic computing

Neuromorphic systems try to exploit sparse, event-driven, massively parallel computation inspired by 
nervous systems. This may appear in spiking neural networks, event cameras, analog or mixed-signal 
circuits, memristive crossbars, or asynchronous hardware.



• The leaky integrate-and-fire neuron is a common simplified dynamic element.

• Spike-timing-dependent plasticity is a biologically inspired learning rule, though many practical systems 
use alternative optimization methods.

• Neuromorphic approaches can be attractive for ultra-low-power sensing and edge processing, especially 
when events are sparse.

• The engineering challenge is mapping task demands, device physics, and training procedures into a 
coherent, measurable advantage.

Spiking intuition

Concept Relation Use

LIF neuron tau dV/dt = -(V - Vrest) + R I Event-driven neuron model

Threshold/reset if V > Vth -> spike, V <- Vreset Spike generation

STDP idea Δw depends on timing difference Local adaptation

Event sparsity compute only on spikes Potential energy savings

Memristive conductance state-dependent resistance Analog memory concept



Chapter 14. Systems design engineering, 
verification, and technical workflow
Brilliant components do not automatically produce a successful system. Systems design engineering 
manages requirements, interfaces, integration, testing, documentation, risk, and change.

Why this chapter matters: Brilliant components do not automatically produce a successful system. 
Systems design engineering manages requirements, interfaces, integration, testing, documentation, 
risk, and change.

Requirements and architecture

Good requirements are testable, unambiguous, bounded, and traceable. Good architectures reveal module 
boundaries, interfaces, timing budgets, power budgets, data products, safety constraints, and update 
paths.

• A requirement should state what must be true, under what conditions, and how compliance is verified.

• Interfaces deserve the same seriousness as algorithms: pinouts, packet structures, units, timing, 
tolerances, failure responses, and calibration assumptions must be explicit.

• Trade studies should compare cost, mass, latency, bandwidth, energy, risk, complexity, 
manufacturability, and maintainability—not only peak performance.

Verification, validation, and test

Verification asks whether the system was built correctly with respect to requirements. Validation asks 
whether the correct system was built for the real use case. Both are necessary, and both should start early.

1. Write a verification matrix linking every requirement to one or more tests, analyses, inspections, or 
demonstrations.

2. Create reference datasets, golden models, or known-answer tests before integration chaos begins.

3. Instrument the system so that internal state can be observed without unstable hacks.

4. Test nominal conditions first, then boundary conditions, then fault cases, then environmental conditions.

5. Archive test configuration, firmware versions, calibration files, and raw logs. Unrepeatable tests are 
nearly useless.

Documentation and design history

• Keep schematics, code, CAD, process notes, calibration records, and experimental protocols under 
version control.

• Use design reviews to expose hidden assumptions and interface mismatches.

• Record units, coordinate frames, naming conventions, and metadata schemas early.

• A design history file or lab notebook should tell a future engineer what changed, why it changed, and 
what evidence justified the change.



Reliability, safety, security, and ethics

Robust systems anticipate misuse, drift, component variation, attack surfaces, and operator error. 
Reliability engineering includes derating, redundancy, watchdogs, fail-safe defaults, monitoring, protective 
circuits, and maintenance planning. Ethics enters through human impact, dual-use risk, privacy, 
environmental consequence, and truthfulness about performance.



Chapter 15. Energy, thermodynamic free energy, 
and scientific discipline
Energy links all the fields in this book. This chapter clarifies what free energy means in physics and 
chemistry, how real systems extract useful work from gradients, and how to evaluate extraordinary energy 
claims rigorously.

Why this chapter matters: Energy links all the fields in this book. This chapter clarifies what free 
energy means in physics and chemistry, how real systems extract useful work from gradients, and how 
to evaluate extraordinary energy claims rigorously.

Energy conversion and storage

• Energy exists in mechanical, electrical, chemical, thermal, electromagnetic, nuclear, and field 
configurations.

• Useful devices convert one form into another with losses imposed by material limits, irreversibility, 
parasitics, and control overhead.

• Batteries, capacitors, fuel cells, engines, turbines, solar cells, thermoelectrics, motors, and generators 
each have distinct trade spaces in power density, energy density, efficiency, lifetime, and safety.

What free energy means in established science

In thermodynamics, free energy is not 'energy from nowhere.' It is the portion of a system's energy that is 
available to do useful work under specific constraints. Helmholtz free energy is appropriate for constant 
temperature and volume; Gibbs free energy is appropriate for constant temperature and pressure and is 
central to chemistry, electrochemistry, and biological energetics.

Free-energy relations

Concept Relation Use

Helmholtz A = U - T S
Maximum useful work at 
constant T,V

Gibbs G = H - T S
Chemical equilibrium and 
electrochemistry

Electrochemistry ΔG = -n F E Cell voltage and work

Equilibrium ΔG = 0 at equilibrium No net driving force

Directionality ΔG < 0 spontaneous
Process tendency, not free 
power



How to think about 'free energy' claims

Real systems can harvest ambient gradients: sunlight, wind, geothermal heat, salinity gradients, vibration, 
radio waves, or waste heat. That is energy harvesting, not a violation of thermodynamics. Claims of 
indefinitely outputting net work without an energy source or with hidden accounting errors should be 
evaluated using conservation laws, controlled measurements, and full-system boundary definitions.

1. Define the system boundary and every energy input path: electrical, thermal, mechanical, chemical, 
radiative, and environmental.

2. Measure both average and transient power with calibrated instruments.

3. Account for startup energy, stored energy, control electronics, and hidden couplings.

4. Check whether the device simply shifts where the energy enters the boundary rather than creating it.

5. Compare with known physical limits and ask whether the proposed mechanism changes established 
conservation laws or only exploits overlooked gradients.

Healthy skepticism: Scientific discipline is not cynicism. It is the habit of demanding clean definitions, 
repeatable measurements, control experiments, and consistency with known theory unless strong 
evidence forces theory revision.



Chapter 16. Capstone build paths, canonical 
references, and coverage map
The fastest way to integrate these fields is to build things that touch several chapters at once. This final 
chapter proposes capstones, lists canonical references, and maps every requested topic to the sections 
where it appears.

Why this chapter matters: The fastest way to integrate these fields is to build things that touch several 
chapters at once. This final chapter proposes capstones, lists canonical references, and maps every 
requested topic to the sections where it appears.

Capstone build paths

1. Sensor-to-dashboard system: analog front end, microcontroller, firmware, Python tooling, data logging, 
and calibration.

2. FPGA signal-processing pipeline: HDL, simulation, digital filters, timing closure, and host software 
integration.

3. Software-defined radio receiver: RF front end, IQ sampling, DSP, modulation analysis, and spectrum 
visualization.

4. Autonomous mini-drone: airframe, propulsion, IMU fusion, control loops, telemetry, and log-based 
tuning.

5. Bioinformatics workflow: sequence parsing, alignment, statistics, visualization, and reproducible Python 
notebooks.

6. Microfluidic or electrochemical measurement rig: chemistry, transport, instrumentation, control, and data 
analysis.

7. Local document-grounded assistant: embeddings, retrieval, vector indexing, prompt design, evaluation, 
and safe deployment.

8. Neuromorphic or spiking proof-of-concept: event sensor, sparse encoding, simple spiking model, and 
power or latency comparison.

9. Quantum simulation notebook: matrix mechanics, small Hamiltonians, state evolution, and 
measurement statistics.

Canonical references to continue beyond this single-volume book

• Mathematics: Strang for linear algebra; Arfken-Weber-Harris or similar for mathematical methods.

• Physics: Taylor for classical mechanics; Griffiths-type texts for electromagnetism and quantum 
mechanics.

• Quantum computing: Nielsen and Chuang remains foundational.

• Electronics: Horowitz and Hill; Sedra and Smith; Pozar for microwave engineering.

• Semiconductors and VLSI: Sze and Ng; Weste and Harris; vendor application notes for implementation 
details.



• Control and robotics: Franklin/Powell/Emami-Naeini; Åström and Murray; modern robotics texts for 
kinematics and planning.

• Machine learning and deep learning: Bishop; Goodfellow-Bengio-Courville; specialized papers for 
transformers and retrieval.

• Chemical engineering and biotechnology: transport-phenomena texts, reaction engineering texts, and 
molecular-biology primers.

Coverage map for the reader's requested topics

Coverage map, part I

Topic Reference

technologies / everything
Chapters 1-16 integrate the full stack from theory 
to implementation.

biotechnologies Chapter 6; Chapter 13 for neural interfaces.

physics Chapters 3-5 and 15.

quantum physics / quantum mechanics Chapter 4.

quantum computing Chapter 5.

mathematics Chapter 2.

microwave engineering / RF microwave 
engineering

Chapter 8.

fluid dynamics Chapter 12.

MHD propulsion Chapter 12.

all engineering
Chapters 1 and 14 give the engineering map; the 
rest instantiate it.

all dynamics
Chapters 1-3 and 12 use the unified state-space 
viewpoint.

aerodynamics Chapter 12.

electrical engineering Chapters 7-9.

software engineering Chapter 10.

VLSI Chapter 9.



Topic Reference

HDL Chapter 9.

Coverage map, part II

Topic Reference

Python / bio python Chapters 6, 10, and 11.

C / C++ / C# / OOP Chapter 10; PID example in Chapter 9.

circuit design and analysis Chapter 7.

schematic design / reading schematics Chapter 7.

system design engineering Chapter 14.

brain-computer interfaces Chapter 13.

neuromorphic computing Chapter 13.

bio computation / DNA programming Chapter 6.

laser lithography Chapter 9.

AI design from scratch Chapter 11.

local LLMs / embeddings / RAG Chapter 11.

chemical engineering / chemistry Chapter 6.

FPGA Chapter 9.

microcontrollers Chapters 9 and 10.

robotics / drone design Chapter 12.

free energy Chapter 15.



Closing perspective

The point of learning these subjects together is not to memorize everything. It is to develop the ability to 
move across scales, translate problems into common mathematical forms, choose the right 
approximations, and build systems whose behavior can be predicted, measured, and improved. That ability 
is the real reference book you are trying to write into your own mind.
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