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Abstract

Circuit Simulations Using QuTip (CSUQ) is widely used in quantum information

processing. They were first introduced for the study of the impact of noise on quan-

tum circuits, particularly in the context of quantum information processing. Starting

with some basics of Quantum Computation, a quantum circuit has been constructed

in QuTip and also find their unitaries and states with their probabilities in QuTip

with the help of circuit simulation, and introduced noisy pulses in a quantum cir-

cuit. Some of the basic quantum algorithms have been run in QISKIT. “Quantum

Toolbox in Python” (QuTip) is exactly the Python package that helps to understand

quantum systems and also IBM provides software called Quantum Information soft-

ware kit (QISKIT) that provides an interface between the quantum computer and

users with the help of which one can compute any program source code on a real

quantum computer. We simulate noisy quantum circuits at the pulse level using

QuTip. Through the examination of individual pulses and the use of QuTiP’s solvers

for quantum dynamics and control optimization, our recently released tools in the

qutip-qip package enable the simulation of quantum circuits. On simulated proces-

sors, we build quantum circuits by applying control pulses to a target Hamiltonian

that depicts the development of physical qubits. Based on the physical model, we

include various types of noise, such as density-matrix dynamics or Monte Carlo quan-

tum trajectories. Users can simulate noise in control pulses and define environment-

induced decoherence at the processor level. To highlight our strategy, we explain how

the Deutsch-Jozsa algorithm is built and run using control optimization methods on

spin-chain and superconducting-qubit-based processors.
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Chapter 1

Introduction

This report is organized into several sections. This chapter 1 discusses a general Intro-

duction of its subsections and briefs the basics of Quantum computation. we introduce

the mathematical preliminaries for working with QISKIT such as section 1.1 Qubits

which are the building blocks of Quantum computer, section 1.2 how to define multi

particle quantum state, section 1.3 Quantum gates which are used to make quantum

circuits in a quantum computer and then we defined entanglement section 1.4 and

the formation of bell states. Using all these building blocks, at last, we introduced

quantum teleportation circuit section 1.5. In further sections, we discussed some of

the Quantum algorithms. In section 1.6 we discussed Deutsch Josza Algorithm. In

section 1.7 we introduced the quantum circuit in section 1.7 and find its unitaries

in subsection 1.8.2 that run the circuit in subsection 2.1.1 with the help of QuTip.

Introduction of pulse in chapter 3 and noise in section 3.1 in a quantum system. The

processor in the qutip-qip module simulates quantum circuits at the level of time

evolution based on the open system solver. You may think of the processor, on which

the quantum circuit will be constructed, as an emulator of a quantum device. The

QuTiP open-time evolution solvers are used to simulate the evolution after the circuit

is first assembled into a Hamiltonian model and noisy dynamics are included. We use

a 3-qubit Deutsch-Jozsa algorithm simulation on a chain of spin qubits as an example

to show how our system works. We’ll go through this example and provide a brief

overview of the procedure and all the major elements. We start by defining a Deutsch-

Jozsa circuit and then start the simulation at the gate level. The underlying physical

system, which is a subclass of processors, is then selected as the spin chain model. We
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supply the �x driving strength of 0.25MHz and the qubit count. The default setting

is used for the other parameters, including the interaction strength. By defining the

coherence times (T1andT2), which we explain below, the decoherence noise may also

be added. By initializing it with the hardware parameters, this processor creates a

Hamiltonian model for a spin chain system, including the drift and control Hamiltoni-

ans. The model class represents the Hamiltonian model, which is kept as an attribute

of the initialized processor. The processor can also save simulation configurations,

such as whether to interpolate the pulse coe�cients using a cubic spline. Although

not directly included in the model, these configurations might be crucial for the pulse-

level simulation. Now, we use the LinearSpinChain.load-circuit method to send

the circuit to the CPU. The processor will first break down the circuit’s gates into

native gates that may be used immediately on the designated hardware model. Then,

using the gatecompiler designed for a particular model, each gate in the circuit is

mapped to the control coe�cients and driving Hamiltonians.

The potential for running multiple pulses simultaneously is investigated using a sched-

uler. To run the simulation of the processor, we start by generating and saving a de-

tailed description of the circuit’s behavior at the pulse level. This description allows

us to simulate how the circuit evolves over time. In order to simulate this temporal

evolution, we use the run-state method. First, we create a Lindblad model, which

takes into account any defined noise models (although in this case, there are none).

The Lindblad model helps us account for any possible external influences on the cir-

cuit. Now, we can specify various solver parameters to customize the simulation. For

example, we can define a time sequence called tlist that determines at which intervals

we want to capture the intermediate results of the simulation. We can also specify

measurement observables using ”e-ops”, which are quantities we are interested in

measuring during the simulation. Additionally, we can provide options to further cus-

tomize the solver’s behavior. By running the simulation with these parameters, we

obtain a result object. This object contains information about the final state of the

circuit, and intermediate states at di↵erent time points, and we defined the expected

values of the observables. This allows us to analyze and understand the behavior of

the processor throughout the simulation.

Overall, the simulation process involves generating a pulse-level description of the

circuit, constructing a Lindblad model, specifying solver parameters, and running the

2



simulation to obtain a result object that provides valuable insights into the circuit’s

temporal evolution. This makes it possible to get all of the data that QuTiP’s solvers

o↵er.

Appendix A includes code for Quantum teleportation circuit in QISKIT.

Appendix B includes Python code for Deutsch Josza Algorithm in QISKIT.

Appendix C includes code for the plotting Quantum circuit in QuTip.

Appendix D includes code for Operator-label circuit simulation in QuTip.

Appendix E includes code for models in QuTip.

Appendix F includes code for noisy pulse simulation in QuTip.
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1.1 Qubits

A classical computer operates on strings of bits. A quantum computer, on the other

hand, works with qubits. We treat qubits as abstract mathematical objects. As a

classical bit has a state – either 0 or 1 – a qubit also has two possible states |0i or

| "i and |1i or | #i

Figure 1.1: Quantum Two level system: Qubit

So a qubit is a two-level system spanned by two states |0i, |1i or | "i, | #i. Or we can

say that the states are spanned by n-bit strings |x1x2x3...xnii with xi✏ 0, 1. It is also

possible to form linear combinations of states, often called superpositions:

| i = ↵|0i+ �|1i

where ↵ and � are complex numbers. Hence we can say that the state of a qubit is a

vector in a two-dimensional complex vector space and the states |0i and |1i are known
as computational basis states and form an orthonormal basis for this vector space. A

quantum computer state can be in any superposition of these basis states.[26]

4



1.2 Multiple particle Quantum States

We use the tensor product to describe Multi-particle states:

|ai ⌦ |bi =
 
a1

a2

!
⌦
 
b1

b2

!
=

0

BBBB@

a1b1

a2b2

a2b1

a2b2

1

CCCCA

Example: system A is in state |1iA and system B is in state |0iB

So the total biparticle state is —10iAB = |1iA ⌦ |0iB =

 
a1

a2

!
⌦
 
b1

b2

!
=

0

BBBB@

a1b1

a2b2

a2b1

a2b2

1

CCCCA

Remark :

States of this form are called uncorrelated, but there are also bi-particle states that

cannot be written as | iA ⌦ | iB These states are correlated and sometimes even

entangled, For example:

| iAB =
1p
2
(|00iAB + |11iAB)

6= | Ai ⌦ | iB

=
1p
2

0

BBBB@

1

0

0

1

1

CCCCA

1.3 Quantum Gates

A quantum computer is formed from a quantum circuit comprising wires and elemen-

tary quantum gates to carry around and manipulate quantum information, similar to

how a conventional computer is built from an electrical circuit containing wires and

logic gates. As quantum theory is unitary, quantum gates are represented by unitary

matrices.[22]
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Figure 1.2: Quantum Logic Gates

Real Dirac notation,

U =

 
U00 U01

U10 U11

!

U = U00|0ih0|+ U01|0ih1|+ U10|1ih0|+ U11|1ih1|
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1.3.1 Single Qubit gates

1. Pauli-X Gate

Also known as classical NOT gate

�x =

 
0 1

1 0

!
= |0ih1|+ |1ih0|

�x|0i =
 
0 1

1 0

! 
1

0

!
=

 
0

1

!
= |1i

�x|0i = |1i

�x|1i = |0i

(1.1)

Pauli-X gate flips the bit and thus is called a bit flip gate. It represents rotation

around the x-axis by angle ⇡

since |+i and |�i states lie on the x-axis hence there will be no e↵ect of bit flip

on them.

2. Pauli-Z gate

�x =

 
1 0

0 �1

!
= |0ih0|� |1ih1|

�x|+i =
 
1 0

0 �1

!
1p
2

 
1

1

!
=

1p
2

 
1

�1

!
= |1i

�z|+i = |�i

�z|�i = |+i

(1.2)

Pauli-Z gate flips the state |+i to |�i and vice-versa and thus is called a phase

flip gate. It represents rotation around the z-axis by angle ⇡

3. Pauli-Y gate

�y =

 
0 �i

i 0

!
= i�x�z (1.3)
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Pauli-Y gate is the combination of bit flip and phase flip. It represents rotation

around the y-axis by angle ⇡

�2
i = I =

 
0 1

1 0

!
(1.4)

�x,�y,�z are Pauli Matrices

Together with identity, they form the basis of 2⇥ 2 matrices

4. Hadamard Gate

H =
1p
2

 
1 1

1 �1

!

= |0ih0|+ |0ih1|+ |1ih0|� |1ih1|

H|0i = |+i

H|1i = |�i

(1.5)

This gate is used to create superposition states. It is also used to change be-

tween x and z basis

5. S Gate

S =
1p
2

 
1 0

0 i

!

= |0ih0|+ |0ih1|+ |1ih0|� |1ih1|

S|+i = |+ ii

S|�i = |� ii

(1.6)

S gate adds 90 to the phase �. S.H. is applied to change from a z to y basis.

1.3.2 Multi qubit gates

1. CNOT Gate

Acts on a pair of qubits, with one acting as ’control’ and the other as ’target’.

Performs a NOT on the target whenever the control is |1i. If the control qubits
are in a superposition state, this gate creates entanglement.
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2. To↵oli Gate

! Double Controlled-Not

It has two control qubits and one target.

Applies NOT to target only when both controls are in state |1i
To↵oli gate with Hadamard Gate is a universal gate set for quantum.

3. SWAP Gate

Swaps the state of two qubits.

4. Identity Gate

Is actually the absence of a gate. It ensures nothing is applied to a qubit for

one unit of gate time.

Refer Figure 1.2 for more Quantum gates and their corresponding matrix notation.

1.4 Entanglement

If a pure state | iAB on systems A, B, cannot be written as | iA ⌦ |�Bi then it is

entangled.

1.4.1 Bell States

There are four Bell states that are maximally entangled and build an orthogonal

basis.

| 00i = 1p
2
(|00i+ |11i)

| 01i = 1p
2
(|01i+ |10i)

| 10i = 1p
2
(|00i � |11i)

| 11i = 1p
2
(|01i � |10i)

(1.7)

In general, we can write

| iji =
�
I ⌦ �j

x�
i
z

�
| 00i

9



Creation of Bell States

Figure 1.3: Creation of bell states

Initial state HA CNOTAB

| 00i
⇣

1p
2
|00i+ |10i

⌘ ⇣
1p
2
|00i+ |11i

⌘

| 00i
⇣

1p
2
|01i+ |11i

⌘ ⇣
1p
2
|01i+ |10i

⌘

| 00i
⇣

1p
2
|00i � |10i

⌘ ⇣
1p
2
|00i � |11i

⌘

| 00i
⇣

1p
2
|01i � |11i

⌘ ⇣
1p
2
|01i � |10i

⌘

Bell States creation code:

This is the code of creation of the bell state. Which is help to understand the

construction of the bell state in qiskit.

import numpy as np

from qiskit import *

from qiskit.quantum_info import Statevector

from qiskit.visualization import plot_state_qsphere

qreg = QuantumRegister(2, 'q')

qc=QuantumCircuit(qreg)

qc.reset(qreg[0])

qc.reset(qreg[1])

qc.h(0)

qc.cx(0,1)

qc.x(0)

qc.z(0)

sv=Statevector.from_instruction(qc).data

print(sv)

plot_state_qsphere(sv)
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Figure 1.4: Formation of Bell states on Q-sphere

1.5 Teleportation

Quantum teleportation is a technique for moving quantum states around, even in the

absence of a quantum communications channel linking the sender of the quantum

state to the recipient.

PROBLEM:

Alice and Bob met long ago and they generated an EPR pair, each taking one qubit

of the EPR pair when they separated. Alice wants to send her unknown state to Bob.

She can only send him classical information.[29][22]

They both share the maximally entangled state.[27]

| 00iAB =
1p
2
[|00iAB + |11iAB]

SOLUTION: The initial state of the total system

|�is ⌦ | 00iAB =
1p
2
(↵|011iSAB + �|100iSAB + �|111iSAB)

11



=
1

2
p
2
[(|00iSA + |11iSA)⌦ (↵|0iB + �|1iB)

+(|01iSA + |110iSA)⌦ (↵|1iB + �|0iB)

+(|00iSA � |11iSA)⌦ (↵|0iB � �|1iB)

+(|01iSA � |10iSA)⌦ (↵|1iB � �|0iB)]

=
1p
2
[(| 00iSA ⌦ |�iB

+(| 01iSA ⌦ �x|�iB
+(| 10iSA ⌦ �z|�iB
+(| 11iSA ⌦ �x�z|�iB]

PROTOCOL

Figure 1.5: Teleportation protocol

1. Alice measures S and A on a bell basis.

Alice measures state ! corresponding Bob’s state

| 00i |�iB
| 01i �x|�iB
| 10i �z|�iB
| 11i �x�z|�iB

2. She sends her classical output i, j to Bob.

3. Bob applies �i
z�

j
x to his qubit and gets |phii.

4. Bob applies =) Bob’s final state.

12



i j Bob’s applies Bob’s final state

| 00i |�iB 0 0 I |�iB
| 01i �x|�iB 0 1 �x |�iB
| 10i �z|�iB 1 0 �z |�iB
| 11i �x�z|�iB 1 1 �z�x |�iB

NOTE:

Alice’s state collapses during the measurement, so she does not have the initial state

|�i anymore.

This is expected due to the no-cloning theorem, as she cannot copy her state, but

just sends her state to Bob when destroying her own.

States gets teleported .

Refer Appendix A to see how to Implement a Teleportation circuit in QISKIT.

Quantum Energy Teleportation: The Quantum Energy Teleportation (QET)

quantum algorithm utilized in this study is publicly available and o↵ers quantum

circuit implementations of QET as well as real-time data on the most recent machine

attributes. The results and QET methods can be replicated by anybody using the

quantum circuits given in this study. Anyone can validate the QET protocol with

real-time access to all the quantum computer’s characteristics, regardless of whether

they own a quantum device. Any system capable of QET can use the techniques

presented in this study. It is crucial to make clear that in QET, only conventional

information, not energy is sent. The communication subsystem between the sender

(Alice) and receiver (Bob) during the QET procedure is not activated by energy car-

riers in the system. Compared to the time it takes for natural heat to be generated,

the time scale of energy conveyance by QET is substantially shorter. By carrying

out actions on his local system based on the conventional information Alice commu-

nicated, Bob can draw energy from the system. Bob gets energy much more quickly

(at the speed of light) than it can be normally conveyed from Alice to Bob is re-

ferred to as teleportation or energy transfer. A many-body quantum system serves

as the intermediary in the description of QET as a universal method of extracting

quantum energy. Measurements on a quantum many-body system’s ground state are

one example of a non-trivial local operation that produces excited states and raises

the energy expectation value. The experimental equipment is what increases energy.

13



Entanglement is a property of the ground states of quantum many-body systems that

results in local quantum fluctuations in the overall ground state. The ground state en-

tanglement is destroyed and energy EA is introduced into the entire system when the

quantum state at subsystem A is locally measured. Although the introduced energy

initially remains in the area of subsystem A, actions on A alone are unable to recover

it since data about EA is also stored in distant regions due to pre-existing entangle-

ment. Energy extraction is made possible by QET by combining Local Operations

and Classical Communication with conditional operations. Due to mid-circuit mea-

surement, the time development of the post-measurement state is non-unitary. QET

is predicated on the universal fact of measurement and the generic character of the

many-body system’s ground state entanglement. It has been demonstrated that QET

can replicate many-body phase diagrams and phase structures by teleporting energy

to Bob’s local system[11, 9]. This shows that simple Local Operations and Classical

Communication can detect global features like symmetry, topology, and long-range

correlation, which is advantageous for quantum computer research in physics. The

simplest QET model proposed is the main subject of the work. The creation of a

quantum circuit that works with actual quantum computers and networks is one of

the goals of this article. depicts the whole configuration of the quantum circuits used

for QET, which have also been expanded to long-range and large-scale quantum net-

works. The usage of 2 qubits and a maximum circuit depth of 6 shows that QET can

be implemented on modern quantum computers[10, 12].

So Quantum Energy Teleportation (QET) is also possible like quantum state telepor-

tation (QST).[13]

1.6 Deutsch Jozsa Algorithm

To decide some property of the oracle (constant or balanced) using the minimum

number of queries.

On a classical computer, such an oracle is given by a function: f : (0, 1)n ! (0, 1)n

On a Quantum computer, the oracle must be reversible.

14



Figure 1.6: Reversible oracle

SOLUTION:

1. Let x and y are in state |0i.

|xi = |0i, |yi = |0i

i.e.| ini = |xi|yi = |0i|0i

| out = |xi|y + f(x)i = |0i|0� f(0)i = |0if(0)

2. Let the state of y is changed from |0i to |1i.

|xi = |0i, |yi = |1i

i.e.| ini = |xi|yi = |0i|1i

| out = |xi|y + f(x)i = |0i|1� f(0)i =

8
<

:
|0i|1i, whenf(0) = 0

|0i|0i, whenf(0) = 1

3. Now let y be in a superposition state.

| ini = |xi|yi = |0i
✓
|0i � |1ip

2

◆

| outi = |0i
✓
|0� f(0)i � |1� f(0)ip

2

◆
=

8
<

:
|0i |0i�|1ip

2
, whenf(0) = 0

�|0i |0i�|1ip
2

, whenf(0) = 2

| outi = (�1)f(0)|0i
✓
|0i � |1ip

2

◆
(1.8)

Equation 1.8 known as Deutsch Algorithm.

Uf also called Bit flip oracle can be seen as a unitary that performs the map,

Uf |xi|yi = |xi|y � f(x)i
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forf : (0, 1)n ! (0, 1),we can construct Uf .

Figure 1.7: Deutsch Josza oracle

|0i
✓
|0i � |1ip

2

◆
! (�1)f(0)|0i

✓
|0i � |1ip

2

◆

|0i
✓
|0i � |1ip

2

◆
! (�1)f(0)|1i

✓
|0i � |1ip

2

◆

Uf |xi = (�1)f(x)|xi Independent of |yi (1.9)

4. When both Qubits are in a superposition state:

| ini =
✓
|0i+ |1ip

2

◆✓
|0i � |1ip

2

◆

=
1p
2

✓
|0i
✓
|0i � |1ip

2

◆
+ |1i

✓
|0i � |1ip

2

◆◆

| outi =
1p
2

✓
(�1)f(0)|0i

✓
|0i � |1ip

2

◆
+ (�1)f(1)|1i

✓
|0i � |1ip

2

◆◆

=
1p
2

�
(�1)f(0) + (�1)f(1)|1i

�✓ |0i � |1ip
2

◆

✓
|0i � |1ip

2

◆✓
|0i � |1ip

2

◆
=

8
<

:

⇣
|0i+|1ip

2

⌘⇣
|0i�|1ip

2

⌘
; whenf(0) = f(1)

⇣
|0i�|1ip

2

⌘⇣
|0i�|1ip

2

⌘
; whenf(0) 6= f(1)
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Figure 1.8: Deutsch Jozsa circuit for 2 qubits

From Figure 1.8 you can tell if f(0)=f(1) by checking the first bit at one go.

Classical algorithm would require two checks.
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N Qubit GENERALIZATION: DEUTSCH JOZSA ALGORITHM

Figure 1.9: Deutsch Josza oracle

Alice can send bob a bunch of numbers from 0 to n and a bit to write the answer.

Bob promises to use any one of the black boxes for all the numbers: Doesn’t tell

which one. Bob sends the bit back to Alice.

Alice needs to determine which one did he use? ( with a minimum no. of trials)

Figure 1.10: Deutsch Jozsa circuit

After measurement if |xi are 0 =) oracle is Constant;

If |xi are 1 =) oracle is Balanced.

Refer Appendix B to see the code of the Deutsch Jozsa Algorithm in Qiskit.
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1.7 Quantum Circuit

A quantum circuit is the most common model for quantum computing, just like a

classical circuit, in quantum information.

We can draw a quantum circuit consisting of qubits and quantum gates, just like we

can draw a classical circuit consisting of bits and logic gates, in which a computation

is a sequence of resisters, quantum gates, and measurements.

1.7.1 Registers

The register consists of multiple qubits (qubits and classical bits). It’s the quantum

analog of the classical processor register. The number of qubit registers in the circuit

is specified by argument N , and the argument num-cbit specifies the number of

classical bits available for measurement and control.

Qubit register: The qubit in quantum computing are conceptually grouped together

in the qubit register. Each qubit has an index within this register, index counting

starting at index 0 and counting up by 1. For example, we have a system with 5

qubits, resultant we get a qubit register that has a width of 5 and is indexed by 0, 1,

2, 3, 4.

Each qubit can be addressed in qubit operations by using the qubit index.

1.7.2 Gates

Each quantum gate is stored as a class object called Gate that contains details like

the gate name, the target qubits, and the arguments. A classical bit can also have

gates controlled by providing the register number with the argument

|classical-controls|

.

1.7.3 Measurements

Measurement is essential to express any quantity of object (qubits and cbits). Mea-

surements on an individual qubit (the circuit’s middle, and end ) can also be carried

out. Each measurement is saved as a class object called Measurement with param-

eters such as targets, the target qubit on which the measurement will be carried out,
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and classical-store, the index of the classical resister which stores the measurement

result.[30]

In QuTip (Quantum Tool in Python), we used QubitCircuit to represent a quantum

circuit.

DEMONSTRATION

from qutip_qip.circuit import QubitCircuit

from qutip_qip.operations import Gate

from qutip import tensor, basis

qc = QubitCircuit(N=2, num_cbits=1)

swap_gate = Gate(name="SWAP", targets=[0, 1])

qc.add_gate(swap_gate)

# measurement gate

qc.add_measurement("M0", targets=[1], classical_store=0)

qc.add_gate("CNOT", controls=0, targets=1)

# classically controlled gate

qc.add_gate("X", targets=0, classical_controls=[0]) # classically controlled gate

qc.add_gate(swap_gate)

print(qc.gates)

circuit gets demonstrated.
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1.8 Unitary Matrix

A square matrix of complex numbers is said to be unitary if B is a unitary matrix B†

is its complex transpose then the following equation is satisfied.

B†B = BB† = I (1.10)

Statement: The product of the unitary matrix and the conjugate transpose of a

unitary matrix is equal to the Identity Matrix.

The dimension of the unitary matrix is n⇥ n.

1.8.1 Properties

1. The unitary matrix is an invertible matrix.

2. The inverse of a unitary matrix is another unitary matrix.

3. A matrix is unitary, if and only if its transpose is unitary.

4. A matrix is unitary if its rows are orthonormal, and the columns are orthonor-

mal.

5. The unitary matrices can also be non-square matrices but have orthonormal

columns and rows.

6. The unitary matrix is a non-singular matrix.

7. Two matrices A and B are unitary then product AB and BA are also unitary.

8. The sum or di↵erence of two unitary matrices is also a unitary matrix.

1.8.2 Unitary of Demonstrated Circuit

In QuTip, to find the unitaries of the circuit there are some useful functions, which

are associated with the circuit object. A method to return a list of the unitaries

QubitCircuit.propagators(), which is associated with the sequence of the gates in

the circuit. Hence, the unitaries are expanded to the full dimension of the circuit.

Also, another argument can be registered to achieve the unitaries in their original

dimension.[19]
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The argument is called expand=False, which is specified to the

|QubitCircuit.propagators()|

.

1.9 Gates

In QuTip, QubitCircuit has a primitive method called QubitCircuit.resolve-

gate() to decompose the primitive gate into elementary gate sets, such as CNOT

or SWAP gate with single qubit gates [RX, RY, and RZ(rotation around x,y, and z

axis respectively). This approach isn’t entirely optimal, though. The likelihood is

high that combining quantum gates will further lower the depth of the circuit. Prior

to adding the measurements to the circuit, the gate resolution must be completed.

Therefore, this method is not fully advanced. It is possible that the depth of the

circuit can be further reduced by merging the quantum gate. It is required that the

gate resolution is carried out before the measurements to the circuits are added.

Custom Gates: QuTip is allowed to define its own gate (customized gate).

: To define a customized gate, qutip.Qobj is a key step to returning a gate function

and is saved in the attribute user-gates.

1.9.1 Plotting a Quantum Circuit

As we described above, a demonstrated circuit can be plotted directly using a Q

circuit (quantum circuit drawing application and implemented directly into QuTiP)

library.

ISWAP Gate is a Customized gate.

It is a SWAP gate with an additional phase states |01i and |10i.
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Figure 1.11: Quantum circuit

Refer Appendix C to see how to plot a quantum circuit in QuTip.

23



Chapter 2

oprator-level circuit simulation

This is the first method of circuit simulation. A unitary application on the input

states through matrix product is used by this method. This method simulates circuits

exactly in a deterministic manner. This is achieved through the

|CircuitSimulator|

.

2.1 W-STATE

W-states are a class of multi-qubit states. In a W-state, precisely one of the qubits

is on, and the rest are o↵. A W-state for an n-qubit system is described by[5]

|Wni =
X 1p

n
|(2i)ni (2.1)

=
1p
n
|00 . . . 01i+ 1p

n
|0 . . . 010i+ · · ·+ 1p

n
|010 . . . 0i+ 1p

n
|10 . . . 00i (2.2)

Bell state is a W-state on two qubits.

W state for Three qubits (n = 3):

|W3i =
1p
n
[|0i1 ⌦ (|01i23 + |10i23) + |1i1 ⌦ |00i23] (2.3)
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|W3i =
1p
n
[|001i+ |010i+ |100i] (2.4)

2.1.1 Run a Quantum Circuit:

Let’s start with a simple circuit which we use to demonstrate a few examples of cir-

cuit simulation. we take a circuit from OpenQASM because QuTip supports the

importation and exportation of the quantum circuit in the OpenQASM2 W-state for-

mat through the function read-qasm() and save-qasm(). We demonstrated this

by using the w-state generation circuit.

OpenQASM 2 : OpenQASM (Open Quantum Assembly Language) is an interme-

diate representation for spaces, examples, and tools.

W-state is one of the useful open qasm examples; W-state.qasm: Generating a 3-

qubit W-state using To↵oli gate.

The example can not necessarily be executed on any existing hardware. We can still

run a circuit in a circuit simulator.[16]

This circuit prepares the W-stat :

|W3i =
1p
n
[|001i+ |010i+ |100i] (2.5)

This way the simplest way to carry out state evolution through a quantum circuit is

to be provided an input state to the method called.

|QubitCircuit.run()|

Now run the circuit without applied measurement gates to get W-state.

As we see without measurement gates, the state returned is indeed the required W-

state. Therefore, getting all the possible outcomes with associated probabilities can

be carried out by circuit evolution in a deterministic manner.

Such that, it is returned all the possible state outputs along with their probabili-

ties. we are adding measurement gates into the circuit. After applying measurement

gates to get all the possible output states along with their associate probabilities of

observing the outputs, can be used the function

|QubitCircuit.run-statistics()|

.
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result = qc.run_statistics(state=tensor(basis(2, 0), basis(2, 0), basis(2, 0)))

states = result.get_final_states()

probabilities = result.get_probabilities()

Figure 2.1: w-state circuit

In the above cell, the function is returned by an object called result, which contains

the output states. And then another argument get-results() can be used to obtain

the possible states with probabilities. Already the state created by the circuit; is the

W-state. As we can see, we observe the W states |001i, |010i, and |100i with equal

probability.

Result

we observed the states and their probabilities.

States Probability

|001i 0.33333

|010i 0.33333

|100i 0.33333

We observed W-state with their equal probability.

Refer Appendix D to see the code in qutip.
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2.2 Circuit Simulator

We have two di↵erent ways to simulate the action of quantum circuits using QuTiP:

• The first method uses unitary application through matrix products on the input

states. This method simulates circuits precisely in a deterministic manner.

This is achieved through the class CircuitSimulator. A short guide to exact

simulation can be found at Gate-level circuit simulation.

• The second method of circuit simulation uses driving Hamiltonians with the

ability to simulate circuits in the presence of noise. This is achieved by the

various classes in device. A short guide to processors for QIP simulation can

be found at Pulse-level circuit simulation.

The functions QubitCircuit.run() and QubitCircuit.run-statistics() make use

of the CircuitSimulator which enable exact simulation with more granular options.

And the simulator object takes a quantum circuit as an argument. It can optionally

be supplied with an initial state. Here, We have two modes in which the exact simula-

tor can function. The default mode is the “state-vector-simulator” mode. In this

mode, the state evolution proceeds to maintain the ket-state during the computation.

For each measurement gate, one of the possible outcomes is chosen in a probabilis-

tic manner, and computation proceeds. We continue with our previous circuit for

demonstration.

This initializes the simulator object and carries out any pre-computation require-

ment. And Here, we have two ways to carry out the state evolution with the sim-

ulator. The first way is to use the CircuitSimulator.run() and the second way

CircuitSimulator.run-statistics() functions just like above (with the Circuit-

Simulator class).

The CircuitSimulator class is enabled to step through the quantum circuit. This

only executes one gate in the circuit, and allow is for a better understanding of how

the state evolution takes place. The method steps through both the gates and the

measurements.
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2.2.1 Precomputing the unitary

In QuTip, the CircuitSimulator class is initialized such that the circuit evolution is

conducted by applying each unitary to the state interactively. However, by setting the

argument precompute-unitary=True, And CircuitSimulator is precomputing

the product of the unitaries between the measurements.

The sim.ops argument stores all the circuit operations which are applied during the

state evolution. As we observed, all the unitaries of the circuit are compressed into a

single unitary product with precompute optimization enabled. This is more e�cient

if it is run in the same circuit in multiple initial states. However, as the number

of qubits increases, then this will consume more and more memory and it’s become

complicated.

Result:

Unitaries
2

666666666666664

0 0.577 0 �0.577 0 0.408 0 �0.408

0.577 0 �0.577 0 0.408 0 �0.408 0

0.577 0 0.577 0 0.408 0 0.408 0

0 0.577 0 0.577 0 0.408 0 0.408

0.577 0 0 0 �0.816 0 0 0

0 0.577 0 0 0 �0.816 0 0

0 0 0.577 0 0 0 �0.816 0

0 0 0 0.577 0 0 0 �0.816

3

777777777777775

Table of measurement, target, and classical store

Measurement Target Classical-store

M0 [0] 0

M1 [1] 1

M2 [2] 2

Refer Appendix D to see the code in qutip.

2.3 Density Matrix

A density matrix is a matrix in quantum mechanics that describes the quantum

state of a physical system. It is used to calculate the probabilities of outcomes of
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measurements on the system using the Born rule. It is a generalization of state

vectors and wavefunctions: while those can only represent pure states, then density

matrices can also represent mixed states. which occur when a system’s preparation

is not fully known, deals with a statistical ensemble of possible preparations, or when

describing an entangled system without describing the combined state.

We compose the density matrix as the outer product of a state with itself

⇢ = | ih | (2.6)

it is a pure state density matrix.

For mixed state

⇢ =
X

k

pk| kih k| (2.7)

The purity of a quantum state ( i) is defined as the ’Trace’ of the squared density

matrix(⇢2).

Purity = Tr[⇢2]

where Trace = sum of the diagonal elements in the matrix.

2.3.1 Open Quantum System

In many areas of modern physics, it is critical to simulate the dynamics of open

quantum systems, where a quantum system interacts with its environment. The

study of decoherence, optical response theory, and quantum rate theory are all built

on this principle. The generalized quantum master equation (GQME) formalism of-

fers a flexible and all-encompassing strategy to solve this issue. The GQME o↵ers

an e↵ective method for modeling and comprehending the behavior of open quantum

systems, allowing researchers to investigate and evaluate a variety of phenomena in

these disciplines[17]. In the realm of quantum systems, perfect isolation is rare, which

means that a purely unitary evolution is often an approximation. By concentrating

on the system’s Hilbert space and utilizing superoperators that produce non-unitary

dynamics (i.e., for an open system), we can either reduce computing overhead or

expand the Hilbert space to account for potential interactions with the environment.

The Lindblad master equation is a common tool for describing the evolution of an

open quantum system. Both di↵erential equation solvers like qutip.mesolve and
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qutip.mcsolve, which use Monte Carlo sampling of quantum trajectories, can be

used to solve this equation. For pulse-level circuit simulators, both solvers act as the

simulation back ends[15]. These solvers provide e↵ective simulations of quantum dy-

namics in open systems. They can include more general Lindbladians that take into

consideration time-dependent rates, as well as noise models based on Born-Markov

Secular (BMS) approximations. These noise models are typically strong and adapt-

able enough to reflect the primary impacts of ambient noise, making them appropriate

for describing di↵erent kinds of hardware implementations.[28][3]

2.3.2 Density Matrix simulation

In QuTip, by default, the state evolution is carried out in the “state-vector-simulator”

mode (specified by the mode argument) as we described before. In the “density-

matrix-simulator” mode, the input state can be either a ket or a density matrix. If

it is a ket, so it is converted into a density matrix before the evolution is carried out.

Unlike the “state-vector-simulator” mode, upon measurement, the state does not

collapse to one of the post-measurement states. Rather, now the new state is the den-

sity matrix representing the ensemble of post-measurement states. In this situation,

we measure the qubits only and forget about all the results.

To demonstrate the matrix, we consider the original W-state circuit which is followed

by measurement only on the first qubit.

Result:
2

666666666666664

0 0 0 0 0 0 0 0

0 0.33333257 0 0 0 0 0 0

0 0 0.33333257 0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0.33333486 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

3

777777777777775

It is a mixed state.

We got a mixed-state density matrix.

The qutip.mesolve function is a tool that can be used to solve a wide range of open

quantum dynamics. The density matrix of the quantum system, ⇢(t), evolves over
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time under the influence of a mathematical operator known as the superoperator L

and can be expressed by an equation of the form

@⇢(t)

@t
= L⇢(t) (2.8)

When utilizing the qutip.mesolve function, we have the option of either providing

the entire superoperator L or splitting the dynamics into the Hamiltonian and noise

terms, which are represented as a set of collapse operators (c-ops) and associated

rates. Then, behind the scenes, the function will successfully resolve Equation 2.8 for

us.

Equation 2.8’s structure is highly adaptable and may take into account a variety of

situations. Going beyond the conventional Born-Markov and secular approximations

typically used in quantum physics, it enables the incorporation of time-dependent

rates and collapse operators. To put it simply, qutip.mesolve is a helpful tool

that aids in the solution of di�cult equations defining the behavior of open quantum

systems. It o↵ers freedom in determining the dynamics, enabling simulations that go

beyond simple approximations and are more realistic and accurate.

One of the easiest ways to simulate the behavior of a quantum system is by using a

Lindblad master equation. This type of equation is commonly used when studying

quantum circuits with multiple qubits that undergo relaxation and dephasing. Let’s

consider an example of a quantum circuit with N qubits. The Lindblad master equa-

tion for this system describes how the density matrix of the qubits evolves over time.

It takes into account the e↵ects of relaxation (where the qubits lose their quantum

information to the environment) and dephasing (where the qubits experience random

phase fluctuations). By using the Lindblad master equation, we can simulate the

dynamics of the quantum circuit and observe how the density matrix changes over

time. This approach allows us to study the e↵ects of relaxation and dephasing on

the quantum states of the qubits and gain insights into their behavior in realistic

scenarios.

Overall, the Lindblad master equation provides a straightforward and e↵ective method

to model and analyze quantum systems, such as quantum circuits, in the presence

of relaxation and dephasing. It enables researchers to understand and predict the

behavior of these systems more accurately, facilitating advancements in quantum
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computing and related fields. Lindblad master equation:

@⇢(t)

@t
= �i[H(t), ⇢(t)] +

N�1X

j=0

�jD[��
j ]⇢(t) +

N�1X

j=0

�Dj
2
D[�z

j ]⇢(t) (2.9)

where H is Hamiltonian, �j is the relaxation rate of qubit j, �Dj the pure dephasing

rate of qubit j,

D[�n]X = �nX�†
n �

1

2
�†
n�nX � 1

2
X�†

n�n (2.10)

is the Lindblad dissipator. For a generic jump operator, �n acting on a density matrix

X, and �↵
j are Pauli operators, with ↵ = x, y, z.

We can replicate the combined e↵ects of pulse-level control and noise in a quan-

tum system using the previously outlined technique. This method takes into account

both the coherent Hamiltonian component, which represents the system’s regulated

processes, and the impact of noise on the system’s behavior. It’s crucial to remem-

ber that switching to the system’s density matrix description results in a quadratic

increase in memory size. As a result, the amount of memory needed for the simu-

lation expands quickly as the system’s dimensions and qubit count do as well. This

could provide a problem for some simulations, particularly when working with bigger

quantum systems.

The Monte-Carlo quantum trajectory solver is a di↵erent method that can be utilized

to get around this restriction. The ”qutip.mcsolve” function is one example of

this solver’s implementation. Instead of directly computing the density matrix, this

solver simulates the evolution of the quantum system using a probabilistic technique.

This considerably lowers the memory overhead needed for the simulation. In simpler

terms, the ”qutip.mcsolve” function can be used if the memory capacity becomes

a limiting factor for a simulation because of the quadratic rise in the density matrix

description. This Monte-Carlo quantum trajectory solver provides a useful method

for larger-scale simulations, allowing simulations of the behavior of quantum systems

with pulse-level control and noise to be performed with less memory usage.

Refer Appendix D to see the simulation code of the density matrix in QuTip.
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2.3.3 Quantum Monte-Carlo trajectory

A large group of computational techniques known as ”Monte Carlo methods” rely on

repeated random sampling to produce numerical results. The fundamental idea is to

harness randomness to find solutions to issues that could theoretically be determinis-

tic. The dynamics of quantum systems are studied computationally via Monte Carlo

trajectory simulations. The Monte Carlo trajectory approach tracks the individual

pathways of quantum systems as they develop over time, in contrast to conventional

methods that rely on the solution of di↵erential equations or the manipulation of den-

sity matrices. Monte Carlo sampling with quantum trajectories is an alternate method

for simulating quantum systems. This approach introduces a stochastic term using

pseudo-random sampling and incorporates noise e↵ects into a useful non-Hermitian

Hamiltonian. The system is continuously subjected to the e↵ective Hamiltonian’s ap-

plication, which incorporates the pertinent parts of Equation 2.9 involving Lindblad

dissipators.

This Monte Carlo sampling approach allows researchers to e�ciently capture the

impact of noise on the dynamics of the quantum system. By taking into consideration

the dissipative e↵ects brought on by interactions with the environment, the technique

o↵ers a mechanism to replicate the behavior of open quantum systems. This method

enables researchers to learn more about the behavior of the system by statistical

sampling and analysis, which is especially helpful when investigating complicated

systems where it might be di�cult to find analytical answers.[15]

Heff = H(t)� i

2

X

n

�†
n�n (2.11)

This is accomplished by comparing a randomly chosen value to the unnormalized

wavefunction’s norm. A quantum jump happens if the generated number is bigger

than usual, keeping the wave function suitably normalized. The simulation mimics

the inherently probabilistic nature of quantum systems by including this stochas-

tic component. Random number comparisons can be used to determine whether

quantum jumps—which reflect interactions with the environment or measurement

events—occur. The wavefunction’s validity is maintained by renormalization dur-

ing the simulation. It is computationally viable to examine the non-deterministic

properties of quantum systems using this method, which also o↵ers a statistical un-
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derstanding of phenomena like quantum measurements and decoherence e↵ects.

| (t+ �t)i = �n| (t+ �tiq
h (t)|�†

n�n| (t)i
(2.12)

The density matrix master equation solution has disadvantages compared to the quan-

tum trajectory approach. By using the Hilbert space’s dimension rather than its

square, the computational complexity is reduced. Simulations are now more e↵ec-

tive thanks to this enhancement. Additionally, the quantum trajectory technique

allows for the simulation of specific trajectories, which sheds light on processes that

average statistics would hide. It reveals minute subtleties that averaged dynamics

could overlook. The quantity of trajectories required to assess a mean path with a

minimal standard deviation trades o↵, though. Fortunately, concurrent computation

of these trajectories using multi-core computing platforms is possible. The quantum

trajectory approach’s simulation tool, QuTiP, makes use of Python’s multiprocessing

module to increase computing performance.[25][15][24]
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Chapter 3

Pulse

Pulse is a signal.

A signal in a quantum circuit carries out data and information about the state of the

circuit. The circuit’s behavior can be understood by analyzing the signals produced.

The signal when flows only in one direction, which is either positive or negative, such

a signal is termed a Unidirectional signal that’s called a pulse signal.

A Pulse shape is formed by a rapid or sudden transient change from a baseline value

to a higher or lower level value, which returns to the same baseline value after a

certain time period. Such a signal can be termed a Pulse Signal.

Figure 3.1: Pulse

A Pulse signal is a unidirectional, non-sinusoidal signal which is similar to a square

signal but it is not symmetrical like a square wave. A series of continuous pulse signals

is simply called a pulse train. A train of pulses indicates a sudden high level and a

sudden low-level transition from a baseline level which can be understood as ON/OFF

respectively. A signal in a circuit carries both data and knowledge about the state

of the circuit Pulse is a precise electromagnetic signal that is used to manipulate the

qubits.
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Figure 3.2: Di↵erent types of pulses

These pulses are typically used to control the interactions between qubits and perform

quantum gates, which are the basic building blocks of quantum algorithms. Pulses are

an essential component of quantum control systems, as they allowed for precise control

over the quantum state of the qubits and enable the implementation of complex

quantum algorithms.

It enables the user to determine the precise time dynamics of an experiment in a

quantum system. It is particularly e↵ective for strategies that reduce errors.[27]

3.1 Noisy Pulse

The noise pulses are unwanted electromagnetic signals, that can be impacted the

behavior of qubits and compromised the accuracy of quantum circuits. These noise

pulses can arise from various sources, such as electromagnetic interference from nearby

electronic devices, temperature fluctuations, and quantum measurement noise. The

quantum coherence of the qubits, which is necessary for executing accurate quantum
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computations, can be harmed by noise pulses and faults in quantum gates. Thus,

reducing and reducing the impact of noise pulses is a significant di�culty in quantum

computing and researchers are actively working on developing techniques to reduce

their impact on quantum systems.[23]

Noise in quantum circuits can have a significant impact on accuracy. Unlike classical

bits that can only have a value of 0 or 1, quantum bits exist in a state known as a

superposition which allows them to be in multiple states at the same time. This makes

quantum systems much more sensitive to their environment and any disturbances

can cause decoherence, or the loss of coherence of the quantum state, which results in

errors in the computation. Noise can also a↵ect the operation of quantum gates, which

are the building blocks of quantum circuits, leading to inaccuracies in the results

of quantum computations. This makes it challenging to build practical quantum

computers that can perform large-scale quantum computations with high accuracy.

To overcome these challenges, error correction techniques have been developed to

mitigate the e↵ects of noise in quantum circuits.

3.2 Theory

Quantum theory provides a detailed description of the physical quantum hardware

that a circuit is implemented. The quantum system’s temporal evolution serves to

describe the dynamics of the system that implements a unitary gate in a quantum

circuit. We think about unitary time evolution and open quantum dynamics for

standalone or open quantum systems. By resolving the principal equation or by

sampling Monte Carlo trajectories, the latter can be simulated. Here, we provide a

brief description of both those techniques and the QuTiP solvers that correspond to

them.

In a closed quantum system, the behavior of the system is determined by the Hamilto-

nian and the starting state. The Hamiltonian represents the energy of the system and

contains information about its interactions and properties. To control and manipulate

the quantum system, the Hamiltonian is divided into two parts: the non-controllable

drift, represented by Hd, which accounts for natural evolution and changes over time,

and the controllable terms, merged together as Hc, which allow us to influence the

system’s behavior. By combining these parts, we obtain the complete system Hamil-
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tonian, which plays a crucial role in governing the dynamics of the quantum system.

H(t) = Hc(t) +Hd(t) (3.1)

H(t) =
X

k

ck(t)Hk +Hd(t) (3.2)

where the time-dependent control coe�cients, represented by Ck(t), are used to steer

the quantum system and achieve the desired unitary gates. These coe�cients allow

us to manipulate the system’s evolution in time and guide it toward specific quan-

tum operations. On the other hand, the terms in the Hamiltonian, denoted by Hk,

describe the e↵ects of physical controls that have been implemented on the system.

These physical controls can include external fields, electromagnetic pulses, or other

mechanisms that influence the behavior of the quantum system. By combining the

control coe�cients and the physical control terms in the Hamiltonian, we can shape

and direct the dynamics of the quantum system to accomplish the desired operations

and achieve the desired outcomes.

The unitary transformation applied to the quantum system, which is guided by the

Hamiltonian, is found by solving the Schrodinger operator equation.

i~@U(t)

@t
= H(t)U(t) (3.3)

A pulse-level description of the circuit, which includes the control Hamiltonian, is

obtained by selecting the appropriate H(t) that can implement the desired unitaries

or quantum circuit operations. The control coe�cients Ck(t) parametrization plays

an important role in determining the behavior of the solver. These coe�cients can be

calculated automatically using control optimization methods, which will be discussed

later, or derived from theoretical models.

3.3 Processor

The pulse-level simulation procedure is handled by the processor class. Connecting

several components, it serves as the primary API interface. We o↵er a few already
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built-in processors that include compiler routines and Hamiltonian models. They

di↵er mostly in the method used to determine the control pulse for a quantum circuit,

which gives rise to various sub-classes.

There are two methods to determine the control pulses for a quantum system. The

first method known as ModelProcessor, is more experiment-focused and depends on

physical models. The control Hamiltonians required to build particular gates are

already known and saved in the processor model characteristics when utilizing a

ModelProcessor. This strategy is appropriate when it is possible to combine the

control pulses necessary to create the needed quantum circuits in a well-established

manner. Di↵erent models have already been created, including the spin chain, Cavity

QED, and circuit QED, each with predefined driving Hamiltonians stored in their

respective Model objects.

The second method, called OptPulseProcessor, is based on the optimal control mod-

ule in QuTiP. One simply needs to define the Hamiltonians that are available in their

quantum system when using this method. After that, the processor use algorithms

to find the best control pulses for achieving the desired unitary development. This

method is especially helpful when it is necessary to employ optimization techniques

in order to establish the precise control pulses required for the desired quantum op-

erations.

3.3.1 Optimal Pulse Processor

TheOptPulseProcessor is a tool that chooses the best control pulses for a particular

system by using the optimize-pulse-unitary() function from the optimal control

module. The system’s Hamiltonian is made up of two parts: a drift part and a control

part. Only the control portion of the Hamiltonian is altered and optimized during

the optimization phase to provide the required unitary transformation. Unitary time-

dependent transformation

U(�t) = exp(i.�t[Hd +
X

k

ukHk]) (3.4)

The OptPulseProcessor seeks to identify the control pulses that maximize the de-

sired transformation while minimizing undesirable e↵ects by employing optimization
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methods. To customize the control pulses for attaining particular targets, this opti-

mization procedure takes into account a variety of variables, such as limitations and

user-defined objectives. We can modify and direct the dynamics of quantum systems

towards desired outcomes using the OptPulseProcessor, which o↵ers a practical

and e↵ective method for optimizing control pulses for quantum systems. It speeds

the optimization process and aids in the discovery of ideal control approaches in a

variety of applications, including quantum information processing and quantum tech-

nologies, by concentrating simply on the control portion of the Hamiltonian. We

must pass the required parameters as keyword arguments to the OptPulseProces-

sor’s load-circuit() function in order to make the discovery of optimal pulses easier.

The overall evolution time (evo-time) and the number of time slots (num-tslots)

for each gate in the quantum circuit are typically the two crucial inputs. Keyword

arguments can be used to specify additional parameters. We can use the optimize-

pulse-unitary() method to get a list of the choices that are available. Additionally,

individual gate-specific parameter customization is allowed within the circuit, provid-

ing flexibility and fine-tuning during the optimization process.[2]

Refer Appendix E to see the code.

3.4 Model

The physical qubits must be accurately modeled in pulse-level simulations. In this

approach, a processor-based instance of the Model class serves as a representation

of the physical model. Important details about the particular quantum hardware

being mimicked are kept in the Model object. This contains information on both the

available control Hamiltonians that may be changed and the drift Hamiltonian, which

symbolizes the features of the system that are out of our control. The Model object

also contains details on possible sources of noise in the system. It is developed as a

subclass of the Model class to define a particular physical model, such as a Spin-

ChainModel, which o↵ers a thorough and unique representation of the quantum

hardware under simulation. This strategy guarantees that the physical properties

and behavior of the quantum system’s physical qubits are faithfully reflected in the

pulse-level simulations. As in the sample at the start of this section, when initializing

a particular Processor, a Model object is automatically produced for user convenience.

It is feasible to gather crucial systemic information. Calling a function that returns a
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tuple with the Hamiltonian as a qutip will do this Qobj and the target qubits’ indexes

are two quantum objects. These target qubits stand in for the particular qubits that

the control operations can be used on. By using the existing control Hamiltonians, it

is now simpler to analyze and modify the system with this knowledge. These control

Hamiltonians allow for accurate control and manipulation of the quantum system

during simulations since they correlate to the operations that may be carried out

on the target qubits. which the model object will access. Be aware that regardless

of the internal implementation, a model can typically be correctly identified by the

processor if the method Model.get-control(label) delivers the results in the proper

format. We define it di↵erently, for example. This will be useful in situations when

it would be tedious to enumerate all the possible target qubit combinations, such as

in an all-to-all coupled system using ions or neutral atoms.

When using models, it is possible to replicate actual qubits and their interactions

more accurately by taking into consideration things like leakage levels and resonator-

induced coupling. Predefined models implemented as subclasses of the Model class

serve as an example of this increased realism. These include the fixed-frequency su-

perconducting qubit model, the qubits-resonator model, and the spin chain model.

The spin chain model represents a system with qubits arranged in a chain-like form,

enabling the investigation of qubit interactions and group behavior. Resonators are

used to pair qubits and facilitate information transfer between them, and they are

a component of the qubits-resonator model. This model enables the study of qubit-

resonator interactions and how they a↵ect system dynamics. The fixed-frequency

superconducting qubit model concentrates on superconducting qubits with set fre-

quencies and simulates the key features of these kinds of qubits. Custom Hamilto-

nian models are also definable as subclasses of the preset models, allowing for the

construction of unique representations of particular quantum hardware. This adapt-

ability enables scientists to modify the simulation to take into account the specifics

of their experimental setup or theoretical model. We learn more about the specific

features of various quantum hardware combinations by using these predefined and

bespoke models. In order to analyze the behavior of quantum systems in the real

world and create e�cient control schemes for quantum information processing and

other quantum technologies, it is imperative to have this insight.
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3.4.1 Spin Chain model

The quantum computing models LinearSpinChain and CircularSpinChain are

based on the idea of a spin chain. These simulations represent the behavior of qubits

placed in either a linear or circular pattern. Operations like �x, �z, and combinations

like �x�x + �y�y are all part of the control Hamiltonians in these models. The Opt-

PulseProcessor uses ISWAP or SQRTISWAP as two-qubit gates to process gates

in these models by first breaking down the needed gate into a universal gate set.

In order to be applied to nearby qubits in the spin chain, these universal gates are

then resolved into quantum gate sequences. In order to implement the desired gate,

the processor determines the best control pulses by calculating the pulse coe�cients

that correspond to these quantum gates. We can successfully simulate and optimize

the behavior of qubits in a spin chain configuration using these models and the de-

composition method. As a result, it is possible to investigate di↵erent quantum gate

operations and create the best control pulses for achieving desired gate operations

in real-world quantum computing systems.[18] In quantum information processing,

the SpinChainModel is a preset model that depicts a system of spin qubits with a

spin-exchange interaction. One of the most basic kinds of interactions between adja-

cent qubits is this one, called the exchange interaction. The spin qubits are placed in

a one-dimensional chain architecture called the SpinChainModel, which can have

either open ends or closed ends. Only adjacent qubits in the chain of qubits interact

with one another. In this model, �x
j and �z

j , which stand for operations on the x and

z axes of the Bloch sphere, respectively, are used to describe the single-qubit control

Hamiltonians.

H =
N�1X

j=0

⌦x
j (t)�

x
j + ⌦z

j(t)�
z
j +

N�2X

j=0

gj(t)(�
x
j �

x
j+1 + �y

j�
y
j+1) (3.5)

The exchange Hamiltonian, which defines the interchange of spin states between

neighboring qubits, is �x
j �

x
j +�

y
j�

y
j , (j is index) and it realizes the exchange interaction.

The exchange interaction and the control Hamiltonians are both a part of the overall

Hamiltonian of the SpinChainModel. The time-dependent control coe�cients, ⌦x,

⌦z, and g, represent a sum of elements. N is the number of qubits in the chain. We

can simulate and investigate the dynamics of spin qubits in a one-dimensional chain

while taking into account both the exchange interaction between neighboring qubits
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and single-qubit control operations by using the SpinChainModel. This model is

a useful resource for researching quantum information processing and creating spin-

based quantum system control systems.

Refer Appendix E to see the code.

Qubit-resonator model: Qubit interactions are sometimes realized in experimental

setups by connecting them with a quantum bus or resonator. The qubit-resonator

model illustrates a system with a single resonator and several linked qubits. The

resonator is only occasionally stimulated and mostly serves as a conduit for cre-

ating entanglement because the coupling strength between the qubits and the res-

onator is purposefully maintained low. provide quantitative requirements for the

Tavis-Cummings model’s viability and generate a more comprehensive Hamiltonian

description that takes into account the photons’ cascaded interactions with all sub-

sequent atoms. demonstrate how our model’s predictions can be qualitatively and

quantitatively di↵erent from those derived using the Tavis-Cummings model[1]. The

single-qubit control Hamiltonians in the qubit-resonator model are �x and �y, which

represent operations on the x and y axes of the Bloch sphere. The Tavis-Cummings

Hamiltonian, which includes the annihilation and creation operators of the resonator

(a, a†) and the lowering and raising operators of each qubit (��
j , �

+
j ), describes the

dynamics between the resonator and the qubits.

The equation

↵
X

j

a†��
j + a�+

j (3.6)

where the sum is taken over all qubits, gives the interaction. Depending on the

particular physical implementation, the control of the qubit-resonator coupling is

determined. Depending on the experimental setup and the required operations to be

carried out, it may include single-qubit control or multi-qubit control,

H =
N�1X

j=0

⌦x
j (t)�

x
j + ⌦y

j (t)�
y
j + gj(t)(a

†��
j + a�+

j ) (3.7)

where j is an index parameter. The Hamiltonian of the resonator is shortened to finite

values in the computational simulation.[7][6]
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3.4.2 Superconducting qubit Model

Superconducting qubits : The construction of quantum computers using super-

conducting qubits is one of the most promising strategies. Leading contenders in the

quest to create a quantum computer that can perform computations that are beyond

the capabilities of current supercomputers are superconducting qubits. The noisy

intermediate-scale quantum (NISQ) technological period, where non-error-corrected

qubits are used to build quantum simulations and quantum algorithms, has been used

to demonstrate prototype algorithms using superconducting qubits. This method also

shows promise for the longer-term objective of developing larger-scale error-corrected

quantum computers thanks to the recent demonstrations of numerous high-fidelity,

two-qubit gates as well as operations on logical qubits in extensible superconducting

qubit systems.

A three-level system is used in the SCQubits model to replicate a qubit’s behaviour.

The ground state and the first excited state are the only two states that make up the

qubit subspace. Leakage, a phenomenon that happens when the population of the

qubit subspace spills into other energy levels during single-qubit operations, is taken

into account by this formulation. Two orthogonal quadrature operators, a + a† and

i(a�a†), are used to operate the qubit. To correspond with the three-level qubit rep-

resentation, these operators truncate the single-qubit control to a three-level operator.

The superconducting qubits of the SCQubits model are placed in a one-dimensional

framework, just as in the Spin Chain model. Only neighbouring qubits can inter-

act with one another, making it possible to investigate interactions and systemic

behaviour. A Cross Resonant pulse is used in the default implementation to realise

the interaction between qubits, which makes it easier for information to flow between

nearby qubits.[7] The SCQubits model helps us to better understand the behaviour

and features of superconducting qubits by taking into consideration crucial elements

like leakage and interaction between nearby qubits. The performance of supercon-

ducting qubit systems in applications involving quantum information processing can

be understood and improved with the use of this information. Let’s look at the

cross-resonance interaction example, which is frequently used in fixed-frequency su-

perconducting qubits.[?] For this interaction, the Hamiltonian can be expressed as
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follows

H = Hd +
N�1X

j=0

⌦x
j (a

† + a) + ⌦y
j i(a

† � a) +
N�2X

j=0

⌦cr1�z
j�

x
j+1 + ⌦cr2

j �x
j �

z
j+1 (3.8)

where Hd represents the drift Hamiltonian

Hd =
N�1X

i=0

↵i

2
a†ia

†
iaiai (3.9)

defined by the anharmonicity ↵i of the second excited state. Based on the qubit-

resonator detuning and coupling strength, the coe�cients ⌦cr1 and ⌦cr2 are calculated.

The simulation greatly shrinks the Hilbert space by using this e�cient Hamiltonian,

which enables the use of more qubits in the simulation. This benefit of reduced

complexity comes from the ability for us to model larger systems and thoroughly

investigate the e↵ects of noise. It is also possible to create a CNOT gate utilizing

this kind of interaction with the addition of single-qubit gates. One of the main

benefits of the framework is the ability to choose the amount of complexity during

the modeling process. The simulation is flexible enough for researchers to modify it

to fit the particular needs of their experiment or study, making it an e↵ective tool for

studying quantum systems and replicating diverse noise e↵ects.[14]

Refer Appendix E to see the code.

3.4.3 Compiler

In quantum computing, a compiler is necessary to transform a quantum circuit into

pulse-level controls that can be used by the quantum hardware. The compiler is

implemented in the framework as an instance of the GateCompiler class. There are

various steps in this process. The compiler begins by breaking down each quantum

gate in the circuit into native gates that the hardware can implement, such as x and

y-axis rotations and the CNOT gate. In models involving chained or superconducting

qubits, where the gate involves disconnected qubits, SWAP gates are added to create

the necessary connectivity. For this reason, only one-dimensional chain architectures

are currently supported. The compiler then converts each decomposed quantum

gate into a description of a pulse-level control. It determines the ideal pulse length

and strength required to perform the gate successfully while taking into account the
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hardware parameters specified in the Hamiltonian model. Continuous pulses can also

have their shape set. A pulse scheduler is used to optimize the operation of many

quantum gates. It investigates the potential for running these gates concurrently

while accounting for temporal restrictions and available resources. By utilizing the

parallel characteristics of the quantum gear, this scheduling procedure maximizes

e�ciency. Time-dependent pulse coe�cients, or cj(t), are produced by the compiler

for each control Hamiltonian, or Hj. These coe�cients are stored in the processor and

contain all the information required to implement the quantum circuit. Two NumPy

arrays, one for the control amplitude and the other for the related time sequence,

are used to represent each coe�cient, cj(t). A cubic spline interpolation is used

to approximate the coe�cient for continuous pulses. Performance is enhanced by

this method because it makes use of QuTiP’s compiled Cython code. The framework

comes with the relevant compilers and preset physical models that were covered before

in this part. When calling the Processor.load-circuit method, these compilers are

used. Let’s use the three-qubit Deutsch-Jozsa algorithm as an example. the three

models on which this algorithm’s pulses were compiled. The fact that the same circuit

can be compiled into utterly di↵erent pulse-level controllers is clear from these charts,

demonstrating the compiler’s adaptability to various physical models.

To swap the first two qubits in the spin chain model, SWAP gates are placed before

and after the first CNOT gate. The CNOT is divided into two iSWAP gates and ad-

ditional single-qubit corrections, whereas the SWAP gate is divided into three iSWAP

gates. It is necessary to break down both the Hadamard and two-qubit gates into

their component native gates (ISWAP and rotation on the x and z axes). varied gate

times are produced by the square pulses in the compiled coe�cients and the varied

control coe�cients on �z and �x. The constructed pulses for the superconducting-

qubit processor have a Gaussian form. Given that the second excited level is only

marginally adjusted away from the qubit transition energy, this is critical for super-

conducting qubits. Leakage to the non-computational subspace is typically avoided

by a smooth pulse. The zeroth and first qubits are switched using SWAP gates, which

are added in a manner similar to the spin chain. One SWAP gate is combined with

three CNOT gates. We give the program the identical control Hamiltonian model for

the spin chain model that we used for the optimal control model. All controls are

active (non-zero pulse amplitude) for the majority of the execution period in the com-

piled optimal signals. We see that each optimized pulse is di↵erent for similar gates
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on various qubits (such as Hadamard), proving that the optimized solution is not the

only one and that one may impose additional constraints, such as adaptations for

the particular hardware. This makes it possible to optimize circuits elsewhere before

sending them to QuTiP for pulse-level modeling.

3.4.4 Scheduler

One crucial component of the compilation is the scheduling of a circuit. Without

it, the gates would have to be activated one at a time, leaving many qubits idle

during circuit execution, which would lengthen execution time and lower fidelity.

The scheduler is employed in the framework following the computation of each gate’s

control coe�cient. It uses a scheduling algorithm to determine when each gate will

open while maintaining the accuracy of the outcome. In order to save execution time,

one can also decide whether permutation among commuting gates is permitted. The

scheduler used here assumes that the connection in the given circuit matches the

hardware at this point and disregards the hardware design. In predefined processors,

the scheduler launches automatically when a circuit is loaded, necessitating no user

intervention. Here, we give two examples of how to use the Scheduler class directly

to help explain the scheduling method. A scheduler for quantum gates must take

the commutation connection between the gates into account, unlike a scheduler for

conventional gates. To reduce the execution time, two CNOT gates that are controlled

by the same qubit but act on distinct target qubits can be switched. By building a

dependency graph with commuting gates clustered in the same cycle, this flexibility is

investigated. Within the cycle, the gate with the highest priority is carried out first.

When the gates have various execution periods, however, optimizing the scheduling

of commuting gates becomes more di�cult. The scheduler is made simpler in the

current design by leaving out more sophisticated methods that could further optimize

the execution of commuting gates. These methods exist, but because gates have

di↵erent execution speeds, they add complexity. However, the fundamental scheduling

method built into the framework still takes gate commutation into account and aids

in increasing the overall e↵ectiveness of the quantum circuit execution.[8]

Scheduling optimizes the operation of quantum gates inside a circuit, which is essential

to the compilation process. Without scheduling, the gates would be carried out in a

sequential manner, resulting in idle qubits and longer execution times, both of which
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can lower fidelity. The scheduler is used in the structure after the control coe�cients

for each gate have been calculated. It uses a scheduling algorithm to decide when each

gate should open while guaranteeing the accuracy of the final result. It’s important to

note that the scheduler built into the system assumes that the hardware connection of

the circuit matches the hardware at this point and does not take the hardware design

into account. In predefined processors, the scheduler immediately starts up when a

circuit is loaded, requiring no user input. This expedites the compilation process and

makes it easier for users to execute circuits.[20]

Optimal control: The optimal control technique in QuTiP is a di↵erent approach to

finding optimized control pulses in addition to employing compilers with predefined

gate-to-pulse mappings. This approach uses open-loop quantum control theory to

find the optimal pulses for any input control Hamiltonians[4]. The approach creates

control pulse settings for individual gates, sequences, and complete circuits through

multivariable optimization of the control function cj(t). These pulses are made to be

as accurate as possible with the planned evolution that the circuit has indicated. The

OptPulseProcessor class in the qutip-qip interface is used to access the optimal

control module in QuTiP. Users must first declare the control Hamiltonians that

describe the system’s physical controls in order to apply the algorithm. One way to

do this is by giving an instance of the Model class, such as the SpinChainModel.

Each quantum gate is enlarged to a unitary operation acting on the whole Hilbert

space once the quantum circuit has been loaded, and this unitary operation is then

supplied to the optimum control algorithm as the intended target. The method

returns the driving pulses for the system, which are then combined to mimic the

entire circuit with the associated physical control sequences.

3.4.5 Noise

The system’s noise module makes it possible to include control and decoherence noise

in simulations of open quantum systems according to Lindblad’s description. Com-

pared to the gate-based simulator we previously examined, this method o↵ers a more

straightforward and practical means of integrating noise. The current approach allows

for the introduction of noise at di↵erent simulation levels, allowing users to concen-

trate on the dynamics of the dominating noise sources while resolving other noise

sources, such as single-qubit relaxation, as collapse operators to increase computing
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e�ciency. Users can dedicate CPU resources to the noise kinds that are most perti-

nent to their particular research or application thanks to this flexibility. The Noise

class in the structure characterizes variations between the real physical dynamics and

the compiled description in addition to compensating for flaws in the Hamiltonian

model and circuit compilation. It accepts as input the compiled pulse-level circuit

description and adds noise components to it, allowing the definition of noise that is

correlated with the computed pulses. Three distinct noise models are already included

in the system we will go into more detail on each of them later.

Noisy Hamiltonian Model: The basic weaknesses of the simulated quantum sys-

tem may be included in the Model class, which describes the Hamiltonian model.

As a result, these flaws could prevent the ideal pulse from fully realizing the desired

unitary gate. Therefore, noise is inevitably injected into the simulation while creating

a realistic Hamiltonian model. As an example, the physical qubit is represented as a

multi-level system in the superconducting-qubit processor model. Population leakage

from the qubit subspace may result from the presence of weak detuning between the

qubit transition frequency and the second excitation level. The system becomes noisy

as a result of this leakage. Another illustration is the always-on ZZ type cross-talk,

which develops as a result of the interaction of physical qubits at higher levels. The

superconducting qubit model has this kind of cross-talk as well, which adds to the

simulation’s noise.[21]

Control noise: Control noise explains problems in quantum system manipulation

such as frequency drift or pulse amplitude deviations. The control coe�cient cj(t)

being impacted by the noise of random amplitude is an illustration of this. We

replicate cross-talk-induced decoherence between two nearby ion trap qubits in order

to show control noise. We design a two-qubit processor with the second qubit tuned

a little di↵erently from the first qubit. The initial qubit is subjected to a series of

-pulses and random phases. We add noise so that the second qubit is also impacted

by the same pulse. Detuning prevents this pulse from flipping the second qubit;

instead, it causes it to display a di↵usive behavior, which lowers the average fidelity

of the second qubit in comparison to its original value. We simulate the results and

reproduce them on our two-qubit processor. We simulate the Hamiltonian defined by

H = ⌦(t)(�x
0 + ��x

1 ) + ��z
1 (3.10)
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where � denotes the ratio of the cross-talk pulse’s amplitudes and ⌦ is Rabi frequency.

“Rabi frequency: When an atom is exposed to an oscillating electromagnetic field,

the probability amplitudes of two energy levels change at a rate known as the Rabi

frequency. The amplitude (not the strength) of the electromagnetic field and the

Transition Dipole Moment between the two levels are directly connected. In a two-

level system, population transfer between them will take place at the Rabi frequency

if the incident light matches the energy di↵erence between the levels. However, the

population transfer will take place at a generalized Rabi frequency if the input light is

only slightly out of resonance. It is crucial to remember that the Rabi frequency is a

semiclassical idea since it treats the electromagnetic field as a continuous wave while

treating the atom as having quantized energy levels.” Our simulation shows the same

fidelity decline curve as the results of the experiment. It’s important to remember

that, while the experimental results might include other types of noise, our simulation

only considers the e↵ect of cross-talk. We can detect and pinpoint the contributions

of di↵erent noise sources thanks to these simulations.

Lindblad noise: When a quantum system interacts with its surroundings, such as a

thermal bath, Lindblad noise, which results in information loss, happens. Non-unitary

dynamics are produced when it is simulated using collapse operators. Decoherence,

which is characterized by coherence times T1 and T2, which stand for energy loss and

dephasing, respectively, is the most prevalent type of Lindblad noise. The Processor

is given the parameters t1 and t2 and the relevant operators are automatically con-

structed to conveniently replicate this noise. A list of values, each corresponding to a

di↵erent qubit, or a single value for every qubit are both acceptable for these param-

eters. The definition of the operator for T1 is
ap
T1
, where “a” denotes the destruction

operator. The operator is specified as a†a
q

2
T2
, where T2 is the pure dephasing time

determined by the formula 1/T2 = 1/T2 1/(2T1). The destruction operator “a” is

reduced to a two-level operator consistent in the case of qubits, which are two-level

systems. Constant T1 and T2 values can be directly supplied when the Processor is

initialized. DecoherenceNoise allows for the definition of unique collapse operators,

including time-dependent ones. For instance, the code below uses qutip.sigmam()

to define a collapse operator and increases linearly over time. It is important to note

that the fitted decay does not begin at 1 because ⇡
2 pulses are modeled as physi-

cal processes. This serves as an example of how state preparation mistakes can be
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incorporated into simulations. [3][17]

3.4.6 Controlled Pulse

The circuit is broken down into pulse-level controllers cj(t)Hj in this simulation frame-

work, and the evolution of the physical qubits is simulated. The internal dynamics

representation of the qutip-qip workflow facilitates the definition of custom pulse-

dependent noise and aids in the comprehension of the simulation process. An instance

of the class Pulse represents a control pulse and the noise that goes along with it. It

is saved as an initialized Pulse object when an ideal control is constructed and sent

back to the processor. A ⇡-pulse is defined in the given code using the Hamiltonian’s

�x term, which flips the designated qubit (in this case, the zeroth qubit). The vari-

able tlist specifies that the pulse will be administered for the duration of ⇡. The

parameters coe↵ and tlist describe the control coe�cient c(t). The dynamics of a

given control term can be found by combining the initialized Pulse object with the

given Hamiltonian and target qubits. A Pulse can define di↵erent noise kinds, such

as Lindblad or control noise, after being initialized with the optimum control. The

add-control-noise technique is used to add a noisy Hamiltonian as control noise in

one example. A Hamiltonian term called �z that can represent a frequency drift is

introduced to the sample code. In a similar vein, collapse operators that require a

particular control pulse can be introduced by using the Pulse.add-lindblad-noise

method. Continuous functions can also be used to represent control pulses and noise

in addition to steady pulses. In these circumstances, the continuous pulse coe�-

cient is interpolated using a cubic spline using the tlist and coe↵ parameters as

NumPy arrays. This makes it possible to use the QuTiP solvers’ compiled Cython

version, which performs better than using a Python function for the coe�cient. The

interpolation method is specified at the initialization of the Pulse object using the

spline-kind=“cubic” keyword argument. The Processor’s interpolation method can

also be specified using the same signature.

By creating a quantum gate specifically for the measurement procedure, measure-

ments in quantum systems can be tailored. The resulting density matrix can then be

used to derive the measurement’s statistics. Additionally, by defining a new subclass

of Noise, new types of noise can be added. This subclass adds noisy dynamics to the

compiled ideal Pulse, enabling the simulation of more intricate and realistic settings.
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Researchers can investigate the e↵ects of various noise sources on quantum systems

and acquire a greater understanding of their behavior by expanding the capabilities

of the simulation structure.

Refer Appendix F to see the code

3.5 Conclusion

First of all, we introduced quantum computation. Then we created a quantum circuit

with the help of quantum gates and measurements and find out their unitaries, and

states with their probabilities with the help of circuit simulation using Qutip. Intro-

duced pulse and noise and their e↵ect on a quantum circuit. We gave a structure for

the pulse-level simulation of quantum circuits, allowing the study of noisy quantum

devices on classical computers. The addition of new tools for simulating controls in

noisy quantum circuits improves the capabilities of the solvers and quantum circuit

model in QuTiP. We have supplied predefined quantum hardware models, compila-

tion and scheduling procedures, and noise models that can be modified to concen-

trate computing resources on important physical dynamics during noise analysis. The

framework’s modular structure enables integration with a range of hardware models,

gate breakdown methods, and optimization strategies. It is especially suitable for sim-

ulating processors based on quantum error-correcting techniques and bosonic models.

State creation and measurement can be represented as specialized gates to emulate

them as noisy physical processes. Benefits of pulse-level simulation include rapid ex-

perimental result verification, the creation of quantum algorithms (such as variational

quantum algorithms), and testing compilation and scheduling systems with accurate

noise models. It also makes it possible to explore non-Markovian types of noise, quan-

tum error correction codes, quantum damping methods, and noise measurement in

model devices.
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Chapter 4

Future Scope

The simulation of quantum dynamics following the master equation for various hard-

ware models and simulation of the noisy quantum circuit at pulse-label to make it

noise free (boost their accuracy). QuTiP’s future work will focus on giving perfor-

mance improvements. The capabilities of the framework-supported quantum control

optimization algorithms are intended to be improved by planned advances in both

qutip and qutip-qip. There are chances to incorporate the GOAT(Gradient Opti-

mization Algorithm) method, allowing for e�cient use of QuTiP’s solvers for circuit

control optimization, notably for modeling universal gate operations and quantum

machine learning. The quantum open-source ecosystem’s integration with other soft-

ware frameworks is another area of exploration. In order to connect qutip-qip, at-

tempts have been made to standardize the quantum intermediate representation of

quantum circuits. An attractive area for research and development is the applica-

tion of qutip-qip in the context of open quantum hardware. The framework may be

used in research labs using various quantum technologies as a foundation for API

interconnection between simulation and hardware control. This creates opportunities

for cooperation and experimentation with di↵erent hardware platforms, which will

accelerate developments in the area of quantum computing.
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Appendix A

Teleportation circuit in QISKIT

Initializing the state to be teleported

First, create a quantum circuit that creates the state
p
0.70|oi+

p
0.30|1i

import numpy as np

from qiskit import IBMQ, Aer

from qiskit.quantum_info import Operator

from qiskit import QuantumCircuit, execute

from qiskit.visualization import plot_histogram

from qiskit.tools.jupyter import *

def initialize_qubit(given_circuit, qubit_index):

import numpy as np

given_circuit.initialize([np.sqrt(0.70), np.sqrt(0.30)],

qubit_index)

return given_circuit

#create entanglement between Alice's and Bob's qubits.

def entangle_qubits(given_circuit, qubit_Alice, qubit_Bob):

given_circuit.h(qubit_Alice)

given_circuit.cx(qubit_Alice, qubit_Bob)

return given_circuit
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#do a Bell measurement of Alice's qubits.

def bell_meas_Alice_qubits(given_circuit, qubit1_Alice,

qubit2_Alice, clbit1_Alice, clbit2_Alice):

given_circuit.cx(qubit1_Alice, qubit2_Alice)

given_circuit.h(qubit1_Alice)

given_circuit.barrier()

given_circuit.measure(qubit1_Alice, clbit1_Alice)

given_circuit.measure(qubit2_Alice, clbit2_Alice)

return given_circuit

Finally, we apply controlled operations on Bob’s qubit.

1. an X gate is applied on Bob’s qubit if the measurement outcome of Alice’s

second qubit, clbit2 Alice, is 1.

2. a Z gate is applied on Bob’s qubit if the measurement outcome of Alice’s first

qubit, clbit1 Alice, is 1.

def controlled_ops_Bob_qubit(given_circuit, qubit_Bob, clbit1_Alice,

clbit2_Alice):

given_circuit.x(qubit_Bob).c_if(clbit2_Alice, 1)

given_circuit.z(qubit_Bob).c_if(clbit1_Alice, 1)

return given_circuit

#imports

from qiskit import QuantumRegister, ClassicalRegister

#set up the qubits and classical bits

all_qubits_Alice = QuantumRegister(2)

all_qubits_Bob = QuantumRegister(1)

creg1_Alice = ClassicalRegister(1)

creg2_Alice = ClassicalRegister(1)

#QUANTUM TELEPORTATION circuit here
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# Initialize

mycircuit = QuantumCircuit(all_qubits_Alice, all_qubits_Bob,

creg1_Alice, creg2_Alice)

initialize_qubit(mycircuit, 0)

mycircuit.barrier()

#Entangle

entangle_qubits(mycircuit, 1, 2)

mycircuit.barrier()

#Do a Bell measurement

bell_meas_Alice_qubits(mycircuit, all_qubits_Alice[0],

all_qubits_Alice[1], creg1_Alice, creg2_Alice)

mycircuit.barrier()

# Apply classically controlled quantum gates

controlled_ops_Bob_qubit(mycircuit, all_qubits_Bob[0], creg1_Alice,

creg2_Alice)

#Look at the complete circuit

mycircuit.draw(output='mpl')

Figure A.1: Teleportation circuit
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Appendix B

Deutsh Josza Algorithm in

QISKIT

import numpy as np

from qiskit import IBMQ, BasicAer

from qiskit import QuantumCircuit, execute

from qiskit.visualization import plot_histogram

from qiskit.tools.jupyter import *

def dj_oracle(case,n):

oracle_qc=QuantumCircuit(n+1)

if case=="bal":

for qubit in range(n):

oracle_qc.cx(qubit,n) then last qubit=0

if case=="cons":

out=np.random.randint(2)

if out==1:

oracle_qc.x(n)

oracle_gate=oracle_qc.to_gate()

oracle_gate.name="oracle"
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return oracle_gate

#DEUTSCH JOZSA ALGORITHM

def dj_algorithm(n,case='random'):

dj_ckt=QuantumCircuit(n+1,n)

for qubit in range(n):

dj_ckt.h(qubit)

dj_ckt.x(n)

dj_ckt.h(n)

if case=='random':

random=np.random.randint(2)

if random==0:

case="cons"

else:

case="bal"

oracle=dj_oracle(case,n)

dj_ckt.append(oracle,range(n+1))

for i in range(n):

dj_ckt.h(i)

dj_ckt.measure(i,i)

return dj_ckt

n=4

dj_ckt=dj_algorithm(n)

dj_ckt.draw()
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Figure B.1: DJ circuit for n=4 qbits

TO CHECK RESULT

backend=BasicAer.get_backend('qasm_simulator')

shots=2084

sj_ckt=dj_algorithm(n,'bal')

results=execute(dj_ckt,backend=backend,shots=shots).result()

answer=results.get_counts()

plot_histogram(answer)

Figure B.2: result
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Appendix C

Plotting a Quantum Circuit in

QuTip

Demonstration of the quantum circuit with the help of gate and registers

First, create a quantum circuit with the help of available gates and a register. Then

we will add a useful function which is called QubitCircuit.propagators(). That

will give us unitaries associated with the sequence of gates or full dimensions.

import numpy as np

from qutip_qip.circuit import QubitCircuit

from qutip_qip.operations import Gate

from qutip import tensor ,basis

qc = QubitCircuit(N=2, num_cbits=1)

swap_gate = Gate(name="SWAP", targets=[0,1])

qc.add_gate(swap_gate)

qc.add_measurement("MO",targets=[1],classical_store=0)

qc.add_gate("CNOT", controls=0, targets=1)

qc.add_gate("X", targets=0, classical_controls=[0])

qc.add_gate(swap_gate)
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print(qc.gates)

U_list=qc.propagators(ignore_measurement=True)

print(U_list)

# Another argument to get unitaries (same thing)

U_list=qc.propagators(expand=False, ignore_measurement=True)

print(U_list)

Plotting a Quantum Circuit:

from qutip_qip.circuit import QubitCircuit

from qutip_qip.operations import Gate

# create quantum circuit

qc = QubitCircuit(2, num_cbits=1)

qc.add_gate("CNOT", controls=0, targets=1)

qc.add_gate("SNOT", targets=1)

qc.add_gate("ISWAP", targets=[0,1])

qc.add_measurement("M0", targets=1, classical_store=0)

# plot quantum circuit

qc.png()
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Figure C.1: Quantum circuit
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Appendix D

Run a quantum circuit (OLCS)

First, create a W-state quantum circuit.

from qutip_qip.circuit import QubitCircuit

from qutip_qip.operations import (Gate, controlled_gate, hadamard_transform)

from matplotlib import pyplot as plot

from qutip import tensor, basis

def controlled_hadamard():

# Controlled Hadamard

return controlled_gate(hadamard_transform(1), 2, control=0, target=1, control_value=1)

qc = QubitCircuit(N=3, num_cbits=3)

qc.user_gates = {"cH": controlled_hadamard}

qc.add_gate("QASMU", targets=[0], arg_value=[1.91063, 0, 0])

qc.add_gate("cH", targets=[0,1])

qc.add_gate("TOFFOLI", targets=[2], controls=[0, 1])

qc.add_gate("X", targets=[0])

qc.add_gate("X", targets=[1])

qc.add_gate("CNOT", targets=[1], controls=0)

zero_state = tensor(basis(2, 0), basis(2, 0), basis(2, 0))

result = qc.run(state=zero_state)
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wstate = result

print(wstate)

qc.add_measurement("M0", targets=[0], classical_store=0)

qc.add_measurement("M1", targets=[1], classical_store=1)

qc.add_measurement("M2", targets=[2], classical_store=2)

result = qc.run_statistics(state=tensor(basis(2, 0), basis(2, 0), basis(2, 0)))

states = result.get_final_states()

probabilities = result.get_probabilities()

for state, probability in zip(states, probabilities):

print("State:\n{}\nwith probability {}".format(state, probability))

Refer subsection 2.1.1 to see the result.

# Circuit Simulator

from qutip_qip.circuit import CircuitSimulator

sim = CircuitSimulator(qc, state=zero_state)

print(sim.step())

# Precomputing

sim = CircuitSimulator(qc, precompute_unitary=True)

print(sim.ops)

Refer subsection 2.2.1 to see the result.

Density Matrix Simulation

qc = QubitCircuit(N=3, num_cbits=3)

qc.user_gates = {"cH": controlled_hadamard}
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qc.add_gate("QASMU", targets=[0], arg_value=[1.91063, 0, 0])

qc.add_gate("cH", targets=[0,1])

qc.add_gate("TOFFOLI", targets=[2], controls=[0, 1])

qc.add_gate("X", targets=[0])

qc.add_gate("X", targets=[1])

qc.add_gate("CNOT", targets=[1], controls=0)

qc.add_measurement("M0", targets=[0], classical_store=0)

qc.add_measurement("M0", targets=[1], classical_store=0)

qc.add_measurement("M0", targets=[2], classical_store=0)

sim = CircuitSimulator(qc, mode="density_matrix_simulator")

print(sim.run(zero_state).get_final_states()[0])

Refer section 2.3 to see the result.
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Appendix E

Deutsh Josza Algorithm in QuTip

import numpy as np

from qutip import basis

from qutip_qip.circuit import QubitCircuit

from qutip_qip.device import LinearSpinChain

# Define a circuit

qc = QubitCircuit(3)

qc.add_gate("X", targets=2)

qc.add_gate("SNOT", targets=0)

qc.add_gate("SNOT", targets=1)

qc.add_gate("SNOT", targets=2)

# Oracle function f(x)

qc.add_gate("CNOT", controls=0, targets=2)

qc.add_gate("CNOT", controls=1, targets=2)

qc.add_gate("SNOT", targets=0)

qc.add_gate("SNOT", targets=1)

# Run gate-level simulation

init_state = basis([2,2,2], [0,0,0])
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ideal_result = qc.run(init_state)

# Run pulse-level simulation

processor = LinearSpinChain(num_qubits=3, sx=0.25, t2=30)

processor.load_circuit(qc)

tlist = np.linspace(0, 20, 300)

result = processor.run_state(init_state, tlist=tlist)

Spin Chain Model

# Deutsch-Jozsa algorithm

from qutip_qip.circuit import QubitCircuit

qc = QubitCircuit(3)

qc.add_gate("X", targets=2)

qc.add_gate("SNOT", targets=0)

qc.add_gate("SNOT", targets=1)

qc.add_gate("SNOT", targets=2)

# Oracle function f(x)

qc.add_gate("CNOT", controls=0, targets=2)

qc.add_gate("CNOT", controls=1, targets=2)

qc.add_gate("SNOT", targets=0)

qc.add_gate("SNOT", targets=1)

from qutip_qip.device import LinearSpinChain

spinchain_processor = LinearSpinChain(num_qubits=3, t2=30) # T2 = 30

spinchain_processor.load_circuit(qc)

fig, ax = spinchain_processor.plot_pulses(figsize=(8, 5))

fig.show()
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Figure E.1: Result

Superconducting qubits Model

from qutip_qip.device import SCQubits

scqubits_processor = SCQubits(num_qubits=3)

scqubits_processor.load_circuit(qc)

fig, ax = scqubits_processor.plot_pulses(figsize=(8, 5))

fig.show()

71



Figure E.2: Result

Optimal Pulse Processor

We are applying optpulseProcessor to get control pulses.

from qutip_qip.device import OptPulseProcessor, SpinChainModel

setting_args = {"SNOT": {"num_tslots": 6, "evo_time": 2},

"X": {"num_tslots": 1, "evo_time": 0.5},

"CNOT": {"num_tslots": 12, "evo_time": 5}}

opt_processor = OptPulseProcessor(

num_qubits=3, model=SpinChainModel(3, setup="linear"))

opt_processor.load_circuit( # Provide parameters for the algorithm

qc, setting_args=setting_args, merge_gates=False,

verbose=True, amp_ubound=5, amp_lbound=0)

fig, ax = opt_processor.plot_pulses(figsize=(8, 5))

fig.show()

Result:
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Gate Final Fidelity Error Final Gradient Normal Terminated due to No. of iterations

0 9.185e� 12 0.00084 Goalachieved 8

1 1.581e� 05 0.0025 functionconverged 226

2 0.0137 0.0128 functionconverged 247

3 1.397e� 07 0.00017 functionconverged 445

4 1.572e� 08 0.00014 functionconverged 119

5 1.105e� 08 0.00011 functionconverged 111

6 0.039 0.069 functionconverged 196

7 0.012 0.023 functionconverged 355

Figure E.3: controlled pulse

Pulse

from qutip_qip.compiler import GateCompiler

compiler = GateCompiler()

coeff, tlist = compiler.generate_pulse_shape(

"hann", 1000, maximum=2., area=1.)

fig, ax = plot.subplots(figsize=(4,2))

ax.plot(tlist, coeff)

ax.set_xlabel("Time")
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ax.set_ylabel()

fig.show()

Figure E.4: Pulse Shape
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Appendix F

Simulation of noisy pulse

First, Demonstrates a little Gaussian noise on the pulse amplitude. For visualization,

we plot the noisy pulse intensity instead of the state fidelity.

from qutip import sigmaz, sigmay

from qutip_qip.device import Processor

from qutip_qip.noise import RandomNoise

# add control Hamiltonians

processor = Processor(1)

processor.add_control(sigmaz(), targets=0, label="sz")

# define pulse coefficients and tlist for all pulses

processor.set_coeffs({"sz": np.array([0.3, 0.5, 0. ])})

processor.set_tlist(np.array([0., np.pi/2., 2*np.pi/2, 3*np.pi/2]))

# define noise, loc and scale are keyword arguments for np.random.normal

gaussnoise = RandomNoise(

dt=0.01, rand_gen=np.random.normal, loc=0.00, scale=0.02)

processor.add_noise(gaussnoise)

# Plot the ideal pulse

fig1, axis1 = processor.plot_pulses(
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title="Original control amplitude", figsize=(5,3),

use_control_latex=False)

# Plot the noisy pulse

qobjevo, _ = processor.get_qobjevo(noisy=True)

noisy_coeff = qobjevo.to_list()[1][1] + qobjevo.to_list()[2][1]

fig2, axis2 = processor.plot_pulses(

title="Noisy control amplitude", figsize=(5,3),

use_control_latex=False)

axis2[0].step(qobjevo.tlist, noisy_coeff)

Result:

Figure F.1: Pulse with noise

Figure F.2: Pulse without noise

We got the controlled noisy pulse.
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