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The Complete Reference Guide
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A classical computer with 300 bits holds one 300-bit number at a time. A quantum computer
with 300 qubits can work with a superposition spanning 23% states, more than the number of
atoms in the observable universe. That single comparison explains why quantum computing
attracts billions in research funding, and why it gets hyped beyond recognition. This guide is
the antidote to both the hype and the intimidation.

It covers the quantum physics you actually need, the math of qubits and gates, the algorithms
worth knowing by name, the hardware, and an honest account of what these machines can
and cannot do.
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1 WhatExactly Is Quantum Computing?

Quantum computing is a model of computation that stores and processes information using
quantum mechanical systems, exploiting superposition, entanglement, and interference to
solve certain problems far faster than any classical machine. It is not a faster version of your
laptop. It is a fundamentally different way of computing, useful for a specific (and important)
class of problems.

The idea has a precise birthday. In 1981, Richard Feynman argued at MIT that simulating quan-
tum systems on classical computers is exponentially hard, so we should build computers out
of quantum systems themselves. David Deutsch formalized the universal quantum computer
in 1985. Peter Shor’s 1994 factoring algorithm turned the field from curiosity into a secu-
rity concern, and today IBM, Google, lonQ, and a dozen serious startups are racing to build
machines with thousands of reliable qubits.

2 The Quantum Physics You Need First

Four rules of quantum mechanics power every quantum computer ever built.

2.1 Particles Are Also Waves

Electrons and photons behave as both particles and waves. In the double-slit experiment,
single electrons fired one at a time still build up a wave-like interference pattern. This wave
behavior is what lets quantum states overlap and interfere inside a quantum computer, and
interference is the engine of every quantum algorithm.

2.2 Uncertainty IsBuiltIn

You cannot know everything about a quantum particle at once. Heisenberg’s uncertainty prin-
ciple makes this quantitative:
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where h ~ 1.055 x 10734 Js is the reduced Planck constant. This is not a limitation of our
instruments. Nature itself does not assign definite values to both quantities simultaneously.

2.3 StatesExistin Superposition

Until measured, a quantum system does not sit in one definite state. It exists in a weighted
combination (a superposition) of all its possible states, and the weights are complex num-
bers called amplitudes. Measurement forces a choice, with probabilities given by the squared
magnitudes of those amplitudes. This is the Born rule, and it is the exact mechanism a quan-
tum computer uses to turn quantum states into readable answers.

2.4 EntanglementLinks Particles

Two particles can share ajoint state in which measuring one instantly determines the outcome
of measuring the other, no matter how far apart they are. Einstein dismissed it as “spooky
action ata distance,” but the 2022 Nobel Prize in Physics went to Aspect, Clauser, and Zeilinger
for proving experimentally that entanglement is real. In a quantum computer, entanglement
is what makes many qubits more powerful than the sum of their parts.

3 The Qubit: The Heart of Quantum Computing

A qubit is a two-level quantum system whose state is a superposition of the basis states |0)
and |1). Where a classical bit is either O or 1, a qubit’s general state is

) = al0) + 5(1)

Here « and 3 are complex amplitudes satisfying the normalization condition |a|? + |3]? = 1.
Measuring the qubit gives O with probability |a|? and 1 with probability |3|2. The notation |-)
is Dirac’s “ket” notation, and it is just a column vector: |0) = () and [1) = (9).

One subtlety students miss: a qubit in superposition is not “both O and 1 at the same
time” in any classical sense. It is a definite quantum state, a specific point in a two-
dimensional complex vector space. The fuzziness only appears when you measure.

3.1 TheBlochSphere

Every single-qubit state can be drawn as a point on a unit sphere called the Bloch sphere.
Write the state with two angles,

lv) = cos 0 |0) + €% sin 0 1)
2 2
and ¢ (the polar angle) controls the balance between O and 1, while ¢ (the azimuthal angle)

sets the relative phase. The north pole is |0), the south poleis |1), and the equator holds the
equal superpositions.
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The Bloch Sphere

Every possible state of a single qubit is a point on this sphere.

z=10)

A
General state of one qubit

[ ly) = cos(6/2)|0) + e'®sin(6/2) |1)

e North pole is the basis state |O)

e South pole is the basis state |1)

e Equator holds equal superpositions |+), |-)
e Polar angle 8 sets the O-vs-1 balance
e Azimuthal angle ¢ sets the relative phase

e Quantum gates rotate the vector on the sphere

v
gauravtiwari.org —Z=|1)

Figure 1: The Bloch sphere: every pure single-qubit state is a point on this sphere, and every quantum
gate is a rotation of it.

This picture earns its place in every textbook because it turns algebra into geometry: single-
qubit quantum gates are simply rotations of this sphere.

3.2 Many Qubits: The Exponential State Space

Qubits combine through the tensor product, and this is where the exponential power comes
from. A register of n qubits lives in a 2"-dimensional space, so describing its state takes 2"
complex amplitudes.

Qubits Amplitudes in the state Classical equivalent

1 2 trivial
10 1,024 a kilobyte of complex numbers
30 ~10° gigabytes of RAM
50 ~10' petabytes; edge of supercomputers
300 =~ 10% more numbers than atoms in the universe

Table 1: Exponential growth of the quantum state space.

A 50-qubit machine already outruns any classical computer’s ability to store its full state vec-
tor. But here is the honest catch: you cannot read all 2® amplitudes out. Measurement col-
lapses everything to just n classical bits. The art of quantum algorithm design is arranging
interference so that the answer you want survives the collapse.

4 Quantum Gates: The Instruction Set
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Quantum gates are the elementary operations of a quantum computer, and mathematically
each gate is a unitary matrix acting on qubit states. Unitary means reversible and length-
preserving, so quantum computation (unlike classical logic with AND and OR) never destroys
information mid-circuit.

Gate Qubits What it does Matrix
0 1
Pauli-X 1 Bit flip, the quantum NOT X =
1 0
. ) 1 0
Pauli-Z 1 Phase flip; negates |1) Z =
0 -1
1 1
Hadamard 1 Creates equal superposi- H = %
tion 1 -1
. 1 0
T 1 Eighth phase turn T =
0 e1'71'/4
CNOT 2 Flips target if control is the entangler
1)
Toffoli 3 Flips target if both con- classical logic, quantumly
trols are 1)

Table 2: The gates every student should recognize on sight.

The Hadamard gate deserves a worked example because it appears at the start of almost
every algorithm. Applied to |0):

0) + 1)
V2
That is a 50/50 superposition. Apply H to every qubit of an n-qubit register of zeros and you
get an equal superposition over all 2™ bitstrings in a single step. This is the standard opening

move of Grover’s algorithm, Shor’s algorithm, and most others.

Hlo) = =|+)

A remarkable theorem says the small set { H, T, CNOT} is universal: any quantum computa-
tion whatsoever can be built from just these three gates, the same way NAND alone builds
all of classical logic.

5 Quantum Circuits and Measurement

A quantum circuit is a sequence of gates applied to qubits, read left to right, ending in mea-
surement. The best first circuit to understand creates a Bell state, the simplest fully entan-
gled state of two qubits. It takes exactly two gates.
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A Quantum Circuit: Building a Bell State

Two gates turn two independent qubits into a fully entangled pair.

control measure
S
qo:|0) n A Oorl
—
qi: |0) \\Lj /7< Oorl
CNOT

State: |oo) (loo) + |10))/v/2 (loo) + |11))/y2

tartin C superposition |OT entangles the pair

Why this matters: the two measurements always agree.
You get OO half the time and 11 half the time, but never O1 or 10. That correlation is entanglement.

Figure 2: Two gates and you have entanglement: H creates superposition, CNOT ties the two qubits
together.

Trace it by hand once in your life. Both qubits start as |00). The Hadamard puts the first qubit
in superposition, giving %@(!OO> +|10)). Then CNOT flips the second qubit only in the branch

where the first is 1:
|00) + |11)

V2

This state cannot be written as (state of qubit 1) x (state of qubit 2). The qubits no longer
have individual states, only a joint one. Measure both and you get OO or 11 with probability %
each, and never Ol or 10. The outcomes are perfectly correlated even though each individual
outcome is perfectly random.

|@7) =

Measurement itself follows the Born rule: the probability of reading outcome i from state |¢)
is
P(i) = [{ily)|?

Because outcomes are probabilistic, real quantum programs run the same circuit thousands
of times (each run is called a shot) and read the answer from the statistics.

6 Quantumvs Classical Computing

Every row of this table is a difference of kind, not degree.
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Classical Quantum

Basic unit Bit: Oorl Qubit: «|0) + 5|1)

State of n units One of 2™ strings Superposition over all 2™ strings

Logic Boolean gates, mostly irre- Unitary gates, always reversible
versible

Copying data Trivial Forbidden (no-cloning theorem)

Reading output Deterministic Probabilistic; collapses the state

Errors ~1in 107 operations ~1in 10% on today’s hardware

Killer domain General-purpose every- Simulation, factoring, search
thing

Environment Room temperature Often ~15 mK, colder than deep

space

Table 3: The two models of computation, side by side.

The error-rate row matters most in practice. It is the entire reason the field talks so much
about error correction.

7 Quantum Algorithms Every Student Should Know

A quantum computer is only as useful as its algorithms, and genuinely fast quantum algo-
rithms are rare and precious.

7.1 Grover's Search Algorithm

Lov Grover showed in 1996 that a quantum computer can find a marked item among N un-
sorted possibilities in about

0] (W) steps instead of O(N)

It starts in an equal superposition and repeatedly applies a “Grover iteration” that amplifies
the amplitude of the marked item while shrinking the rest, pure constructive and destructive
interference. Searching a million items takes roughly a thousand iterations instead of half a
million lookups. The speedup is quadratic, not exponential, but it applies to a huge range of
brute-force problems.

7.2 Shor's Factoring Algorithm

Peter Shor’s 1994 algorithm factors an integer N in polynomial time by converting factoring
into a period-finding problem and solving that with the quantum Fourier transform. Classi-
cally, factoring is believed to take super-polynomial time, and that hardness is what RSA en-
cryption rests on. A large fault-tolerant quantum computer running Shor’s algorithm would
break RSA-2048, which is why NIST finalized its first post-quantum cryptography standards
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(including ML-KEM, published as FIPS 203) in August 2024, years before such a machine
exists.

7.3 Quantum Simulation

This is Feynman’s original use case and still the most likely first source of real commercial
value: using a controllable quantum system to simulate molecules and materials that over-
whelm classical methods. Simulating chemistry means tracking quantum states of interacting
electrons, exactly the thing whose description blows up exponentially on classical hardware.

Algorithm Year Problem Speedup

Deutsch-Jozsa 1992 Constant vs balanced function Exponential (artificial prob-
lem)

Shor 1994 Factoring, discrete logs Superpolynomial;  breaks
RSA

Phase estimation 1995 Eigenvalues Core of simulation and Shor

Grover 1996  Unstructured search Quadratic: O(v/N)

VQE / QAOA 2014 Molecular energies, optimization Heuristic, for noisy devices

Table 4: The named algorithms that define the field.

8 How Real Quantum Computers Are Built

A qubit is anything quantum with two controllable levels, and at least five hardware platforms
are in serious competition to scale.

Platform Qubit Who Strengths Weaknesses
Superconducting Josephson-junction IBM, Google, Fast gates (~20 Needs ~15 mK;
circuit Rigetti ns), mature fabs short coherence

Trapped ion lon energy levels lon®@, Quantin- Best fidelities Slow gates; scaling
uum (999%+) traps

Photonic Single photons PsiQuantum, Room tempera- Photons barely in-
Xanadu ture teract

Neutral atom Rydberg atoms QuEra, Pasqal Hundreds of  Newer control stack

qubits

Spin / silicon

Electron spin

Intel, Diraq

Rides chip fabri-
cation

Early stage

Table 5: The five main hardware platforms.

Milestones worth knowing: IBM’s Condor chip passed 1,121 physical qubits in December
2023, and Google’s Willow chip (105 qubits, December 2024) demonstrated error correc-
tion that improves as the code grows, the first convincing below-threshold result. D-Wave’s
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machines, with thousands of qubits, are quantum annealers, a different and more specialized
model than the universal gate-based machines this guide describes.

9 Decoherence and Quantum Error Correction

Decoherence is the loss of quantum behavior through unwanted interaction with the envi-
ronment, and it is the single biggest obstacle in the entire field. Stray heat, vibration, or
electromagnetic noise entangles a qubit with its surroundings and smears its delicate super-
position into classical noise. Superconducting qubits typically hold their state for around 100
to 300 microseconds. Every computation is a race against that clock.

The fix is quantum error correction: spreading one logical qubit across many physical qubits
so errors can be detected and undone without reading (and collapsing) the encoded state.
The most practical scheme, the surface code, needs roughly 1,000 physical qubits per log-
ical qubit at realistic error rates. The threshold theorem is the reason anyone believes in
the roadmap at all: if the physical error rate is below a threshold (around 102 for the surface
code), adding more qubits suppresses logical errors exponentially.

This is why qubit counts alone are a misleading benchmark, and why today’s era is called
NISQ: Noisy Intermediate-Scale Quantum, a term coined by John Preskill in 2018. We have
machines with hundreds of physical qubits, but a fault-tolerant computer able to run Shor’s
algorithm on RSA-2048 needs millions. Estimates for that milestone cluster in the 2030s.

10 What Quantum Computers Can and Cannot Do

Three myths, killed directly:

+ Myth: quantum computers try all answers in parallel and pick the best one. They
don’t. All 2" branches exist in superposition, but measurement returns one random out-
come. Without cleverly arranged interference, a quantum computer is just an expensive
random-number generator.

+ Myth: quantum computers will replace classical ones. For spreadsheets, browsing,
games, and 99% of daily computing, classical machines are and will remain better.

- Myth: quantum computers are just faster. On most tasks they are dramatically slower.
A quantum gate takes tens of nanoseconds to microseconds; your CPU executes billions
of operations per second at error rates a trillion times lower.

What they realistically will do: simulate molecules for drug and materials discovery, break
current public-key cryptography (eventually), speed up certain optimization and sampling
problems, and possibly accelerate parts of machine learning. That short list is worth trillions,
which is why the field deserves your attention despite the hype.

11 How to Start Learning Quantum Computing
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You need surprisingly little to start: linear algebra and complex numbers cover 90% of an
introductory course. The path, in order:

1. Master the math core: vectors, matrix multiplication, eigenvalues, complex numbers,
and basic probability. Calculus is optional at this stage.

2. Learn the physics intuitively: superposition, measurement, entanglement. Good lec-
tures beat textbooks here.

3. Write real circuits early: IBM Quantum gives free cloud access to real hardware through
Qiskit (Python). Google’s Cirq, Amazon Braket, and Microsoft’'s Azure Quantum are the
other major platforms.

4. Then go deep with a textbook: Nielsen and Chuang’s Quantum Computation and
Quantum Information is the standard reference.

The single best beginner exercise: work out the Bell-state circuit on paper, then run it
on IBM’s free tier with 1,000 shots and watch the OO and 11 counts come back at roughly
500 each. Nothing makes quantum mechanics feel real faster.

12 Glossary of Key Terms

Qubit
Superposition

Amplitude

Entanglement
Gate

Two-level quantum system; state «|0) + 5|1)

A weighted combination of basis states, with complex amplitudes
Complex coefficient whose squared magnitude gives a probabil-
ity

Correlation between qubits with no classical explanation

Reversible (unitary) operation on one or more qubits

Circuit A sequence of gates followed by measurement

Measurement Readout that collapses a superposition to a classical outcome

Decoherence Loss of quantum behavior through environmental noise

Fidelity How close an operation comes to its ideal version

NISQ Noisy Intermediate-Scale Quantum, today’s era of imperfect ma-
chines

Logical qubit Error-corrected qubit encoded across many physical qubits

Quantum advan- A quantum machine beating the best classical method on a real

tage task

Shot One repetition of a circuit; answers come from statistics over

many shots

13 Quick Revision: Questions and Answers
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What is quantum computing in simple terms?
A way of processing information using the rules of quantum mechanics. Instead of bits
that are O or 1, it uses qubits that can exist in superpositions, and it uses interference
and entanglement to solve certain problems far faster than classical computers.

Do | need to know quantum physics to learn quantum computing?
No. Linear algebra and complex numbers cover about 90% of an introductory course.
States are vectors, gates are matrices, and measurement is a probability rule.

How many qubits does a useful quantum computer need?
Useful chemistry simulations might need a few hundred high-quality logical qubits; break-
ing RSA-2048 needs several thousand logical qubits, or millions of physical qubits af-
ter error correction. Today’s largest processors have around a thousand noisy physical
qubits.

Will quantum computers replace classical computers?
No. They are specialized accelerators that will sit in the cloud and handle specific hard
problems. For everyday computing, classical machines stay faster, cheaper, and more
reliable.

Is quantum computing a threat to my passwords?
Mostly no. Shor’s algorithm threatens public-key cryptography (RSA, elliptic curves),
not the symmetric encryption and hashing that protect stored passwords. The industry
is already migrating to post-quantum standards like ML-KEM, finalized by NIST in 2024.

Can | try a real quantum computer for free?
Yes. IBM Quantum offers free cloud access to real superconducting processors through
Qiskit. You can run a circuit on actual quantum hardware within an hour of signing up.

Read the full guide with interactive extras at
gauravtiwari.org/quantum-computing-guide
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