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Outline (1/2)

@ The General Computational Process
@ Classical bits
@ Reversible operations on classical bits
@ Quantum bits
@ Reversible operations on quantum bits
@ X-,Y-, Z-, and Hadamard gates

© Control of the quantum bit
@ Driven transmon Hamiltonian
@ Two-level approximation
@ Schrodinger equation of a drive qubit and its solution in the rotating frame
@ Control signals
@ Rotating Wave Approximation
@ Z-control gate
@ X-control gate
@ Y-control gate
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Outline (2/2)

© SWAP gate
o SWAP and iSWAP gates definition
@ Two coupled transmons: Hamiltonian in the weak-coupling regime
@ Two-level approximation
@ Circuit Hamiltonian in a two-level approximation
@ Schrodinger equation of a drive qubit and its solution in the rotating frame
@ Coupled Qubits in the Rotating Wave Approximation
@ Coordinates evolution and their matrix representation
@ Bell state generation
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Classical bits

@ A classical computer operates on strings of zeros and ones, such as 110010111011000,
converting them into other such strings.

@ Each position in such a string is called a bit, and it contains either a O or a 1.
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Classical bits

@ A classical computer operates on strings of zeros and ones, such as 110010111011000,
converting them into other such strings.

@ Each position in such a string is called a bit, and it contains either a O or a 1.

@ To represent such collections of bits the computer must contain a corresponding collection of
physical systems, each of which can exist in two unambiguously distinguishable physical
states, associated with the value (0 or 1) of the abstract bit that the physical system represents.

@ Such a physical system could be, for example:

e a switch that could be open (0) or shut (1)
e a magnet whose magnetization could be oriented in two different directions, up (0) or down (1)
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Classical bits

We represent the state of each classical bit with a box, depicted by the symbol |-), and denoted as
ket, into which we place the value 0 or 1
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Classical bits

We represent the state of each classical bit with a box, depicted by the symbol |-), and denoted as
ket, into which we place the value 0 or 1

A pair of C-bits may have any of the four possible states

|00) ]01) |10) |11)
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Classical bits

We represent the state of each classical bit with a box, depicted by the symbol |-), and denoted as
ket, into which we place the value 0 or 1

A pair of C-bits may have any of the four possible states

00) [01) [10) [11) )

several equivalent notations are currently in use

10)2 1) 12)2 13)2
0)10) o)1) [1)]0) 1) [1)
0 @0) [0e1) 1)) [1)e]1)
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Classical bits

The state of a pair of classical bits can be expressed as the tensor product of two classical bits

ZoYo
Zo Yo ToY1

x)® = & =
H !y) 1 Y1 T1Yo
T1Y1
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Classical bits

The state of a pair of classical bits can be expressed as the tensor product of two classical bits

ZoYo

mem=(i)e(5)-| 2
T1Y1
wm=<é)®<é>:

o O O

6/80

Forestiere & Miano Introduction to Circuit Quantum Electrodynamics 3-7 Feb 2025



Classical bits
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Classical bits

The state of a pair of classical bits can be expressed as the tensor product of two classical bits

ZoYo

Zo Yo ToY1
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Classical bits

The state of a pair of classical bits can be expressed as the tensor product of two classical bits

ZoYo

Zo Yo ToY1
x)® = & =
’ > !y) ( 1 ) ( Y1 ) T1Yo

T1y1

O R OO O O O+
_ o oo OO~ O
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Reversible operations on one classical bit

reversible operations

An operation is reversible < every final state arises from a unique initial state
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Reversible operations on one classical bit

reversible operations
An operation is reversible < every final state arises from a unique initial state

0
ERASE : 1

ERASE is irreversible: given only the final state, there is no way to recover the initial state.
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Reversible operations on one classical bit

@ we express the identity operation by a
linear operator 1 acting on the
two-dimensional vector space

@ The action of 1 on the column vectors
|0}, |1) is given by a matrix

Forestiere & Miano Introduction to Circuit Quantum Electrodynamics 3-7 Feb 2025



Reversible operations on one classical bit

NOT (bit flip)

@ we express the identity operation by a @ The only non-trivial reversible operation we
linear operator 1 acting on the can apply to a single C-bit is the NOT

two-dimensional vector space
@ NOT is reversible because it has an inverse:

@ The action of 1 on the column vectors applying it a second time brings the state of
|0}, |1) is given by a matrix the C-bit back to its original form.

()

O =
_ O
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Reversible operation on multiple classical bits

A very common 2-Cbit operator is the tensor product ® of two 1-Cbit operators

A @Blry) = (A©B)z)[y) = (Alz)) @ (Bly)) )
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Reversible operation on multiple classical bits

A very common 2-Cbit operator is the tensor product ® of two 1-Cbit operators

A®B|oy) = (A®B)[z) 1) = (A ) ® (B |y)) J

a11bi1  anbiz aizbin aizbio
_ ann a2 . o b b2\ | aribar aribaa  aizbar  aizbae
A= . B= A®B =

a21b11  ao1biz  agbi1  azsbio
ao1ba1  a21baa  azzbar  azzbaa
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Reversible operation on multiple classical bits

A very common 2-Cbit operator is the tensor product ® of two 1-Cbit operators

A®Blry) = (A®B)|z)|y) = (Alz) @ (By) ]

a11bi1  anbiz aizbin aizbio

A o e . B_— b1 b2 A®B = a11bar  aribaa  aizbar  ai2baa
bo1 b2 a21b11  ao1biz  agbi1  azsbio

ao1ba1  a21baa  azzbar  azzbaa

The matrix representation of the 2-Cbit operator X @ X in the basis |0)2, |1)2, |2)2, |3)2 is

01
X_<10> X

000 1
0 1 oo 10
(1 o) XeXlzy)=| 4 1 ¢ o

1000
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X ® X operation

00 0 1 1 0 00 0 1 0 0
o010 o | [o] o010 1] [ o
XoX[00) =1 1 ¢ ¢ o |=[ o] Selh=14 1 ¢ ¢ o [T 1
100 0 0 1 100 0 0 0

———
[11) |10)
00 0 1 0 0 00 0 1 0 1
0010 0 1 0010 0 0
XeXM0) =13 1 ¢ o 1= o [P XXM =1 41 ¢ ¢ o |~ o
100 0 0 0 100 0 1 0
|01) |00)
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Swap Operation

One reversible operation we can apply to 2 C-bits is the SWAP operation

Sio |zy) — |yx)

lz) |y) | Sio0lzy)
0 0 00

0 1 10

1 0 01

1 1 11

The matrix representation of the 2-Cbit operator is

S0 =

o O O
O = O O
O O = O
o O O
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Swap Operation

1 00 0 1 1 1000 0 0
oo 10 o [ o} oo 10 1] o
Sl =141 ¢ o o | = o | Selo={¢ | oo o]~ |1
00 0 1 0 0 00 0 1 0 0

N——

|00) [10)
10 00 0 0 1000 0 0
00 1 0 0 1 00 1 0 0 0
S10[10) = 01 0 0 N i ) + Swll) = 01 0 0 o | 1o
00 0 1 0 0 00 0 1 1 1
|01) [11)
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Controlled C-not

reversible operation we can apply to two Cbits is the controlled-not or cNOT C;;

@ State of the first C-bit (the control Cbit) is |0), then Cy( leaves the state of the second Cbit
(the target C-bit) unchanged

e if the state of the control C bit is |1), C1o applies the NOT operator to the state of the target
C-bit.

@ In either case the state of the control Cbit is left unchanged.
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Controlled C-not

reversible operation we can apply to two Cbits is the controlled-not or cNOT C;;

@ State of the first C-bit (the control Cbit) is |0), then Cy( leaves the state of the second Cbit
(the target C-bit) unchanged

e if the state of the control C bit is |1), Cy¢ applies the NOT operator to the state of the target
C-bit.

@ In either case the state of the control Cbit is left unchanged.

|z) —e— |7) 1 000

co_| 0100

Cuolz) |y) = |2) |y © x) ly) —B— |y © ) 0= 0 @ @ i
0010

The modulo-2 sum x @ y is also called the “exclusive OR” (or XOR)
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Permutations

The most general reversible operation on n C-bits in a classical computer is a permutation of the
2" different basis states.

If n = 2, there are 4 basis states and 4! possible reversible operation
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Qbits and their state

One Q-bit

@ The states that a classical bit can have are the two orthonormal vectors |0) and |1).
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Qbits and their state

One Q-bit

@ The states that a classical bit can have are the two orthonormal vectors |0) and |1).

@ The state |¢) associated with a 1-Qbit can be any unit vector in the 2D vector space spanned
by |0) and |1) over the complex numbers.
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Qbits and their state

One Q-bit

@ The states that a classical bit can have are the two orthonormal vectors |0) and |1).

@ The state |¢) associated with a 1-Qbit can be any unit vector in the 2D vector space spanned
by |0) and |1) over the complex numbers.

[9) = a0 |0) +an 1) with [aof® + o] =1 )
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Qbits and their state

One Q-bit

@ The states that a classical bit can have are the two orthonormal vectors |0) and |1).

@ The state |¢) associated with a 1-Qbit can be any unit vector in the 2D vector space spanned
by |0) and |1) over the complex numbers.

[9) = a0 |0) +an 1) with [aof® + o] =1 )

=an( g Jrar( )= ()
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Qbits and their state

The state |1)) is said to be a superposition of the states |0) and |1) with amplitudes o and «;.

|1) = cos §|0> + €' sin g|1) J

0<f<mO0<p<2m
Figure: Bloch Sphere
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Qbits and their state

Two Q-bits Quantum register

The state ¥ associated with a 2-gbits quantum register is a normalized superposition of the four
classical basis states

¥ = aqo |OO> “+ o1 |01> + a1 |10> + a11 |11>
1

with the normalization condition |ag1|* + |ao1|* + o1 + |ao1]* =
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Qbits and their state

Two Q-bits Quantum register

The state ¥ associated with a 2-gbits quantum register is a normalized superposition of the four
classical basis states

¥ = aqo |00> “+ o1 |01> + a1 |10> + a11 |11>
1

with the normalization condition |ag1|* + |ao1|* + o1 + |ao1]* =

1 0 0 0 Qoo

o 0 1 0 0 o a1

¥ = ago o | tao| o | Tawo| | [taeu] 4 |= o0
0 0 0 1 a1
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Product States vs Entangled States

A particular 2-Qbit state ¥ is generated by the tensor product of two 1-Qbit states ¢ and v

aobo

a b apb

V= ¢) ® |¢) = (ao]0) + a1 (1)) ® (bo [0) + b1 |1)) = < a(l) > ® < b? > = a(;b;
a1b1
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Product States vs Entangled States

A particular 2-Qbit state ¥ is generated by the tensor product of two 1-Qbit states ¢ and v

aobo

W = (o) @) = (a0]0) +ax [1)) @ (b0 |0) + b [1)) = ( o >®< ,’jf ) = o

1
a1b1

@ A general two Qbit state is in the special form above if and only if agga1; = @199

@ This state is denoted as product state

Forestiere & Miano Introduction to Circuit Quantum Electrodynamics 3-7 Feb 2025 18/80



Product States vs Entangled States

A particular 2-Qbit state ¥ is generated by the tensor product of two 1-Qbit states ¢ and v

aobo

W = (o) @) = (a0]0) +ax [1)) @ (b0 |0) + b [1)) = ( o >®< ,’jf ) = o

1
a1b1

@ A general two Qbit state is in the special form above if and only if agga1; = @199
@ This state is denoted as product state

Nonproduct states of two or more Qbits are called entangled states )

Forestiere & Miano Introduction to Circuit Quantum Electrodynamics 3-7 Feb 2025 18/80



Product States vs Entangled States

A particular 2-Qbit state ¥ is generated by the tensor product of two 1-Qbit states ¢ and v

aobo

W = (o) @) = (a0]0) +ax [1)) @ (b0 |0) + b [1)) = ( o >®< ,’jf ) = o

1
a1b1

@ A general two Qbit state is in the special form above if and only if agga1; = @199
@ This state is denoted as product state

Nonproduct states of two or more Qbits are called entangled states )

Bell States

_]00) £ [11) _[01) £101)
<I,:I: _ \/Q \If:t _ \/§
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n Qbits register

This generalizes to n Qbits, whose state is a superposition of the 2" different classical states,

|¥) = Z Q| ),

0<z<2m

with amplitudes whose squared magnitudes sum to unity Z lag|* =1
0<z<2n
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Unitary transformation

@ The only nontrivial reversible operation a classical computer can perform on a single C-bit is
the NOT operation X

Unitary operators

UUl=UU=1
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Unitary transformation

@ The only nontrivial reversible operation a classical computer can perform on a single C-bit is
the NOT operation X

@ The most general reversible operations that a quantum computer can perform upon a single
Q-bit are represented by the action on the state of the Qbit of any linear transformation that
takes unit vectors into unit vectors

Unitary operators

UUl=UU=1
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Unitary transformation

@ The only nontrivial reversible operation a classical computer can perform on a single C-bit is
the NOT operation X

@ The most general reversible operations that a quantum computer can perform upon a single
Q-bit are represented by the action on the state of the Qbit of any linear transformation that
takes unit vectors into unit vectors

Unitary operators

UUl=UU=1

@ U is a unitary transformation, represented by a unitary matrix

@ Since any unitary transformation has a unitary inverse, such actions of a quantum computer
on a Qbit are reversible
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Block diagrams

The action of a sequence of gates acting on n Qbits may be represented by block diagrams:

o Initially, the Qbit is described by the input state |U).

@ The thin line (wire) guides us through the subsequent

history of the Qbit. D) U |¥)
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Block diagrams

The action of a sequence of gates acting on n Qbits may be represented by block diagrams:

o Initially, the Qbit is described by the input state |U).

@ The thin line (wire) guides us through the subsequent
history of the Qbit. W) U D)

@ After emerging from the box representing U, the Qbit
is described by the final state U | ).
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Block diagrams

o Initially, the Qbits are described by the input state on
the left.

@ They are acted upon first by the gate V and then by |0) UuvVv |v)
the gate U

e they emerging on the right in the final state UV |¥).

The order in which the Qbits encounter unitary gates in the figure is opposite to the order in which
the corresponding symbols are written in the symbol for the final state on the right.
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X-gate (qubit flip)

v) )

Representation of the X-gate in the basis {|0)
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X-gate (qubit flip)

v) )

Representation of the X-gate in the basis {|0)

In a Bloch sphere representation, the X-gate
performs a rotation of 7 around the z-axis
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Xg-gate (arbitrary rotation around the x-axis)

Representation of the X¢g in the basis {|0)

o In the Bloch sphere representation, the X g-gate performs a rotation of © around the x-axis
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Xg-gate (arbitrary rotation around the x-axis)

Representation of the Xg in the basis {|0)

o In the Bloch sphere representation, the X g-gate performs a rotation of © around the x-axis

e For example, if ©, = 7/2 we have:
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v) )

Matrix representation of the Y-gate in the basis {|0), |1)}

o _{o)—m'u) 0
Y1) = =i o) Y:Uy:<. )
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) — Y] o

Matrix representation of the Y-gate in the basis {|0), |1)}

y—o, 410 0 —i
~7 U = —ilo) Y:%:<. )

|0)

In a Bloch sphere representation, the Y-gate
performs a rotation of 7 around the y-axis
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Yo-gate (arbitrary rotation around the x-axis)

Representation of the Y g-gate in the basis {|0), |1)}

—1 COS Oy sin 5y
) Yol v Yoo ((g)) _( (9))
2 2

e In the Bloch sphere representation, the Y g-gate performs a rotation of ©, around the y-axis
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Yo-gate (arbitrary rotation around the x-axis)

Representation of the Y g-gate in the basis {|0), |1)}

—1 COS Oy sin 5y
) Yol v Yoo ((g)) _( (9))
2 2

e In the Bloch sphere representation, the Y g-gate performs a rotation of ©, around the y-axis

e For example, if ©, = /2 we have:

|0} N
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) —{z]— 10

Matrix representation of the Z-gate in the basis {|0), [1)}

L{m%—m

1) = + 1) z:<?_&>
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) —{z}— )

Matrix representation of the Z-gate in the basis {|0), [1)}

L{m%—m

1) = +]1) z:<?_&>

R IR

In a Bloch sphere representation, the Z-gate \/\

performs a rotation of 7 around the z-axis / )/
y
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Zg-gate

arbitrary rotation around the z-axis

Representation of the Zg-gate in the basis {|0), 1) }

¥) —{Ze | 1) 10
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Gate Commutators

The order in which we apply the gates is very important (non-commutative)

[X,Z] #0

) ZX |1)) ¥) XZ 1)

X anticommutes with Z
ZX = —X7Z
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Hadamard Gate

Definition

X-Z 1 1 1
1 1 1 1 1 1 1
o= (1 4 ) () =751 )= gpem
1 1 1 0 1 1 1
=2 (1 4 ) (V)= ( )=
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______________

@ One degree of freedom: flux qg;

q is the conjugate variable to ¢

h
by = 27r2— is the flux quantum
e
(2¢)?
2C
E; is the Josephson Energy

Forestiere & Miano

Introduction to Circuit Quantum Electrodynamics 3-7 Feb 2025 31/80



______________

42

__|_EJ

:{q

2C

@ One degree of freedom: flux qg;

q is the conjugate variable to ¢

h
by = 27r2— is the flux quantum
e

(2¢)?
2C
E; is the Josephson Energy

1 — cos (2#%)] } —j(t)o

Forestiere & Miano
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Driven qubit

J0) = T () = max (1)}
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J0) = T () = max (1)}

f(t) = s(t)sin(wgt + )

@ s(t) is the envelope function

@ sin(wgt + ) is the high frequency carrier
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J0) = T () = max (1)}

f(t) = s(t)sin(wgt + )

f(t) = s(t) | cos(y) sin(wgt) + sin(y) cos(wgt) | = s(t)[{ sin(wgt) + @ cos(wqt)]
I Q

@ s(t) is the envelope function
@ sin(wgt + ) is the high frequency carrier
@ [ = cos is the in-phase component

@ () = sin v is the out-of-phase component
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Two-level approximated model: Transmon

@ The transmon has infinitely many non-degenerate energy eigenstates

@ its spectral lines are associated with transitions between any pair of energy eigenstates.

x2(¢1) < [1) +FEo

hwt

x1(¢1) < 10) —Ep
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Two-level approximated model: Transmon

@ The transmon has infinitely many non-degenerate energy eigenstates

@ its spectral lines are associated with transitions between any pair of energy eigenstates.

x2(¢1) < [1) +FEo

hwt

x1(¢1) < |0) —Ey

If the following hypotheses hold:

@ large anharmonicity

o the frequency involved is such that only transitions between the two lowest levels are allowed.

The dynamics of the transmon qubit is obtained by the two lowest energy levels
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Two-level approximated model: Transmon

— 4 hw E
xa(on) < 1) o=t Rl - B

x1(¢1) < |0) —Ep =t 2
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Two-level approximated model: Transmon

Xa(d1) + |1) +Ey =+ Haive = —j(t)9

ﬁdrive = _](t)¢T3x

x1(é1) < [0) Sy

bound eigenstates

X2(x)
FK = 0, definition
B (Wi ()
£ \ R e
Do /2 i e W

sr=2[ @i I N =
S R
ST 6 11) = [0)

e
$=0 ¢
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Driven qubit
. E
@ W =~ 8E0‘E J| hc

- Lransmon qublt : $o/2
o o<z>T_2/ 6) b1 (0)do

f & =E (D ® j(t) = Jm (1);

o f(t) =s(t)sin(wgt +7); Jm = mtax{s(t)}

o Q= Jnor/h

0, definition 0 definition

two-level Hamiltonian
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Qubit control & Logic Gates

The state of the circuit at time ¢ is approx. described by the ket |¢)(¢)) in a 2D Hilbert space

%)) = co(t) |0) + 1 (2) [1)

o |co(t)|? yields the probability that the outcome of the
measurement of energy of the qubit at time ¢ is — Ej

@ |c1(t)|? yields the probability that at time ¢ the outcome of the
measurement of energy of the qubit at time ¢ is +FEj
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Qubit control & Logic Gates

The state of the circuit at time ¢ is approx. described by the ket |¢)(¢)) in a 2D Hilbert space

%)) = co(t) |0) + 1 (2) [1)

o |co(t)|? yields the probability that the outcome of the
measurement of energy of the qubit at time ¢ is — Ej

@ |c1(t)|? yields the probability that at time ¢ the outcome of the
measurement of energy of the qubit at time ¢ is +FEj

e Att = 0 the state of the quantum circuit is |¢)(0)) = [to)
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Qubit control & Logic Gates

The state of the circuit at time ¢ is approx. described by the ket |¢)(¢)) in a 2D Hilbert space

[9(#)) = co(t) [0) + er(t) [1)

e To find the state of the quantum circuit [¢(¢)) at time ¢, we have
to solve the Schrodinger equation

Ldlp(t) _ [wr 5
th=——= = |h5 0. = hf(t)6s| [V (2)

[ (t0)) = [to)
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Variable transformation: rotating frame

D _ 45 rws] ey

@ We solve the problem in a new variable [¢)').
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Variable transformation: rotating frame

|0)

AW _ [

Y, —Q f(t)?fx} |4(2))

@ We solve the problem in a new variable [¢)').

@ At time ¢, the Bloch sphere representation
of |¢") is rotated clockwise about the z-axis
by an angle «(t) = +wgt with respect to the
Bloch sphere representation of |i)
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Variable transformation: rotating frame

|0)

D _ 45 rws] ey

@ We solve the problem in a new variable [¢)').

@ At time ¢, the Bloch sphere representation
of |¢") is rotated clockwise about the z-axis
by an angle «(t) = +wgt with respect to the
Bloch sphere representation of |i)

- . [1)
o R.(a(t)) = —€/?Z,,

A

() = RBoa() [¢/(8)  where R (a(t)) = exp (-m@)‘?) a(t) = —wat
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Variable transformation: rotating frame

D _ s o105, oy

2

@ We solve the problem in a new variable [1)’).

@ At time ¢, the Bloch sphere representation of |1/’) is rotated clockwise about the z-axis by an
angle a(t) = 4wyt with respect to the Bloch sphere representation of |¢))
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Variable transformation: rotating frame

()
dt

= [45. - asws.] v

@ We solve the problem in a new variable [1)’).

@ At time ¢, the Bloch sphere representation of |1/’) is rotated clockwise about the z-axis by an
angle a(t) = 4wyt with respect to the Bloch sphere representation of |¢))

We have to find the expression of the operators
/ Al Al .
Z,d!;i ) _ %6; OIS ', 6!, in the rotating frame.

Forestiere & Miano Introduction to Circuit Quantum Electrodynamics 3-7 Feb 2025 40/80



Variable transformation: rotating frame

N :ﬁ
dly)  [Aw Al / {5./ - R
it =[St - 0rwe 19 !

Forestiere & Miano
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Variable transformation: rotating frame

A;:ﬁ
dly’ Aw Al / {A/_A
i Zﬁ>:[—w02—ﬂf(t)a}|¢> 7, =R

—— 6, — Qf(t)(64 cos (wat) + 6y sin (wat))| [¢)
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Variable transformation: rotating frame

dly’) [%5Z + Qf(t)(6 cos (wqt) — 6y sin (wqt) ] ")

f(t) = s(t) sin(wgt + ) = s(t) |cos(y) sin(wgt) + sin(y) cos(wgt)
I Q

@ s(t) is the envelope function

@ [ = cos is the in-phase component; ( = sin -y is the out-of-phase component

idZ/;,> _ %02 + Qs(t) [1 sin(wgt) + Q cos(wqt)] (65 cos (wqt) — &y sin (wqt)) |1/; )
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Control signals

o Local Oscillator (LO). This generates a high-frequency carrier
signal at frequency wio. It acts as the reference signal for the mixing. R @

i

carrier 1 Q| baseband

pulses
°q
<l
L Va(®)

%
&P
% s(t)

Wy=W ot Wawc

2

to qubits
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Control signals

o Local Oscillator (LO). This generates a high-frequency carrier

signal at frequency wio. It acts as the reference signal for the mixing. LO®
@ Arbitrary Waveform Generator (AWG). This produces baseband carner e b?ﬁ::: ¢
signals (I and Q components) that represent the desired control § <>
pulses. These are lower-frequency signals typically shaped for P — \s )
specific qubit operations (e.g., Gaussian or shaped pulses). “io 6’% WawG
&> Vy(t)

Wy=W ot Wawc

to qubits
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Control signals

o Local Oscillator (LO). This generates a high-frequency carrier

signal at frequency wio. It acts as the reference signal for the mixing. LO®
@ Arbitrary Waveform Generator (AWG). This produces baseband carner e b?ﬁ::: ¢
signals (I and Q components) that represent the desired control § <>
pulses. These are lower-frequency signals typically shaped for P —
. . . 5 w  s(t)
specific qubit operations (e.g., Gaussian or shaped pulses). Lo 6’% WawG
&P
o Baseband Pulses (I and Q): These are the output signals from the |7 Va(®)

AWG. The I (In-phase) and Q (Quadrature) components define the
amplitude and phase of the control pulses.

Wy=W ot Wawe

to qubits
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Control signals

Local Oscillator (LO). This generates a high-frequency carrier

signal at frequency wy . It acts as the reference signal for the mixing.
Lf W

Arbitrary Waveform Generator (AWG). This produces baseband camer Q b?ﬁ::: ¢
signals (I and Q components) that represent the desired control % <>
pulses. These are lower-frequency signals typically shaped for Ja— ‘

. . . 5 w s(t)
specific qubit operations (e.g., Gaussian or shaped pulses). Lo 6’% WawG

&P

Baseband Pulses (I and Q): These are the output signals from the |7 Va(®)
AWG. The I (In-phase) and Q (Quadrature) components define the s(t)

amplitude and phase of the control pulses. -
Wy=W ot Wawg

IQ Mixer. Combines the carrier signal from the LO with the to qubits
baseband signals I and Q. This produces a modulated signal, Vy(t),

with a frequency wg = wro + wawg. This mixing process shifts the

baseband signal to the desired frequency range for driving the qubit.
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Schrodinger equation in the rotating frame

) _ [

i =5 G, — Qs(t) [ sin(wgt) + Q cos(wgt)] (64 cos (wat) — Gy sin (wqt)) } |v")
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Schrodinger equation in the rotating frame

A _ [

&, — Qs(t) [I sin(wgt) + Q cos(wgt)] (64 cos (wat) — 6y sin (wqt)) } |v")

s(t) [Isin (wgt) + Q cos (wqt)] [ cos (wqt) + G, sin (wqt)] =
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Schrodinger equation in the rotating frame

A _ [

&, — Qs(t) [I sin(wgt) + Q cos(wgt)] (64 cos (wat) — 6y sin (wqt)) } |v")

s(t) [Isin (wgt) + Q cos (wqt)] [ cos (wqt) + G, sin (wqt)] =

s(t) [I&x sin (wat) cos (wat) + I8, sin? (wat) + Qé, cos? (wat) + Qb sin (wat) cos (wdt)} =
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Schrodinger equation in the rotating frame

A _ [

&, — Qs(t) [I sin(wgt) + Q cos(wgt)] (64 cos (wat) — 6y sin (wqt)) } |v")

s(t) [Isin (wgt) + Q cos (wqt)] [ cos (wqt) + G, sin (wqt)] =

s(t) [I&x sin (wat) cos (wat) + I8, sin? (wat) + Qé, cos? (wat) + Qb sin (wat) cos (wdt)} =

s(t)

5 [, sin (2wqt) + 16y [1 — cos (2wqt)] + Q64 [1 + cos (2wqt)] + Qb sin (2wqt)] =
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Schrodinger equation in the rotating frame

) _ [

i =5 &, — Qs(t) [I sin(wgt) + Q cos(wgt)] (64 cos (wat) — 6y sin (wqt)) } |v")

s(t) [Isin (wgt) + Q cos (wqt)] [ cos (wqt) + G, sin (wqt)] =

s(t) [I&x sin (wat) cos (wat) + I8, sin? (wat) + Qé, cos? (wat) + Qb sin (wat) cos (wdt)} =

? [, sin (2wqt) + 16y [1 — cos (2wqt)] + Q64 [1 + cos (2wqt)] + Qb sin (2wqt)] =
? [16y + Qba] + ? 165 + Q6] sin (2wgt) + [Qb, — 16,] cos (2wqgt)
— ———
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Schrodinger equation in the rotating frame

dly’ A t
ih Zﬁ ) = h—w - hQQ 16, + Q6] — hQQ [A sin (2wqt) + B cos (2wqt) } |v")
Hyve 2D

s(t . R
HE™) —hQ% 16, + Q6]

drive

2wa) _ —hQS(Q—t) {fl sin (2wgt) + B cos (2wdt)}

drive

/
ihd|¢> {h& 5, +H(RWA) +Hd2wd)] ")

dt drive rive
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Rotating Wave Approximation

/
) = [nEs, + S + | W) = [n520. + B 1)

2wq)
rive °

@ When 2 < wy, the rapidly oscillating terms in the driving Hamiltonian, denoted as H, é
oscillate at frequency 2w, and can be neglected.

@ These terms average out to zero over time, as their contribution is negligible on the longer
time scales dictated by Aw(t) and s(t).

o This simplification is known as the Rotating Wave Approximation (RWA), which retains only
the terms responsible for the dominant system dynamics.
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Z-control gate

Al [Aw()
i :[ 5 G, — s(t)

4" (0)) = [vo)

Q
9 (Qo + I&y>] 4"
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Z-control gate

Al [Aw()
i :[ 5 G, — s(t)

4" (0)) = [vo)

Q
9 (Qo + I&y>] 4"

e We switch-off the driving, setting s(¢) = 0

Al Aw(t)
Tat T2 o= [¥) with  Aw(t) = wi(t)—wqy
¥ (0)) = [vo)
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Z-control gate

d|¢> Aw(t)
di _[ 5 0= st)

4" (0)) = [vo)

Q
5 Qoo+ 10)| )

e We switch-off the driving, setting s(¢) = 0

LAY _Awt)
a2 F [+) with  Aw(t) = wi(t)—wqy
¥/ (0)) = ltho)

o After integration, we arrive at the following solution:

0. (1)t

() e [-494

&Z] [1o) with O ( /Aw
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Z-control gate

0. (t)t
2

W) = e [—i a—z] o) with ©,() = /OtAw(T)dT

The initial state is
[Y0) = co (t0) [0) + c1 (o) [1)
Thus by exploiting the definition of the &, operator [6, [0) = —|0) ;5. |1) = + |1)]

/() = co (0) exp [i%t] 10) + ¢1 (0) exp [—i%t} 1)

which can be also put in the form

©.(t)
2

/(1)) = exp [z t} {co (t0) |0) + e (fo) exp [—i0.4] [1)}
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Z-control gate

9/@) = exp [1 2524 o 10)10) + exp [ 25| exp 0.1 1 1) 1)

ch(t) )

ch (t) = exp |15 2t] o ()

] exp [-i0. (1)) e1 (o)

which can be put in a matrix form
/ - ®Z /
c'(t) = —exp [2275] Zo, (t)c (0)

_ t
where Zo, ) :‘ 01 —e_?gz(t) ‘ with  O,(t) :/0 Aw(T)dr
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Z-control gate

c/(t) = —exp [z@;t] Zo, (t)c' (0)

where Zo,) =

-1 0
0 _e—i@z(t)

| with ©,(f) = /O " Aw(r)dr

o the term %&z in the Hamiltonian enables a rotation around the 2-axis of the Bloch sphere

through the control of the qubit transition frequency wq(t).

e To implement a 7-pulse on the z axis, one has to choose the parameters such that ©,(¢) =

-1 0

Z”:| 0 1
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X-control gate

Let us assume that we now apply a pulse at the qubit frequency wy = w, so that Aw = 0, we have:

d vy’ Q
i l;/;> = _S(t)g (Qoz + Iﬁy) W>

%' (t0)) = lbo)

@ an in-phase pulse (y = 0, I-component) corresponds to rotations around the x-axis

@ an out-of-phase pulse (v = 7 /2, ()-component) corresponds to rotations about the y-axis

Q=1
{IzO Z,al|1p’>: . Qa
J(t) = Jms(t) cos (wqt)
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X-control gate

9/(0) = exp [0 1o
O,(t) = t s(T)dr

to

@ O,(t) is the angle by which a state is rotated given the coupling frequency 2, and the
waveform envelope, s(t).

e To implement a 7-pulse on the z axis, one has to choose the parameters such that ©,(¢) = =
with a driving signal in quadrature with the qubit drive.

52/80
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X-control gate

W' ()) = exp {i%&x] [1o) O, (t) = QQ tS(T)dT

to

The initial state: [Yo) = co (to) [0) + c1 (to) 1)

W),(t)) = {COS <%) I + 2sin <%) 34 [c0(0)[0) + ¢c1(0)[1)]
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X-control gate

()} = exp {i%&x] o) 0u(t) = [ s(ryr

to

The initial state: [Yo) = co (to) [0) + c1 (to) 1)

/() = {cos,(@ )1—1—18111(@2 )g} 16(0)[0) + ¢1(0)[ 1]

Thus by exploiting the definition of the &, operator [6,, |0) = |1) ;64 |1) = +0)]
' Oq Oy
9/(6) = cos () [c(©)]0) + cx(O[1)] + i5in (5 ) [o(O)1) +ea(0) o)
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X-control gate

()} = exp {i%&x] o) 0u(t) = [ s(ryr

to

The initial state: [1o) = co (to) |0) + c1 (to) |1)
0.\ » S}
1/ (t)) = {Cos (2) [+ isin (2) g} 16(0)[0) + ¢1(0)[ 1]
Thus by exploiting the definition of the &, operator [6,, [0) = [1) ;6. |1) = +|0)]

9/(6) = cos () 10©)10) + r@)[1)) + i5in () o(O)1) +ea(0)0)

¥’ (1)) = [cos (%) cp(0) + isin (%) 01(0)} |0) + [z sin (%) co(0) + cos <@2x> 01(0)} |0)

co (t) c1

Forestiere & Miano Introduction to Circuit Quantum Electrodynamics 3-7 Feb 2025 53/80



X-control gate

[¥'(t)) = [cos (%) cp(0) + isin (%) 01(0)} |0) + [z sin (@;) co(0) + cos (%) 61(0):| |0)

co (t) C1
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X-control gate

[¥'(t)) = [cos (%) cp(0) + isin (%) 01(0)} |0) + [z sin @;) co(0) + cos (%) 61(0):| |0)

co (t) C1

7N

co(t) = cos <@2x> ¢p(0) + i sin
/ A
¢y (t) = isin (2) ¢co(0) + cos
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X-control gate

[¥'(t)) = [cos (%) cp(0) + isin (%) 01(0)} |0) + [z sin (@;) co(0) + cos (%) 01(0)} |0)
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X-control gate

4 O in (8=
e xe= () ) en oo

o the term —s(t) 5 9 A‘Q*’ 45, in the Hamiltonian enables a rotation around the Z-axis of the Bloch

sphere through the control of the envelope signal s(t).
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X-control gate

4 O in (8=
e xe= () ) en oo
Q Awg A

o the term —s(t)5 =546, in the Hamiltonian enables a rotation around the Z-axis of the Bloch
sphere through the control of the envelope signal s(t).

e To implement a 7r-pulse on the x axis, one has to choose the parameters such that O, (t) = =
with a driving signal in quadrature with the qubit drive.

01
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Y-control gate

Let us assume that we now apply a pulse at the qubit frequency wy = w, so that Aw = 0, we have:

d vy’ Q
i l;/;> = _S(t)g (Qoz + Iﬁy) W>

%' (t0)) = lbo)

@ an in-phase pulse (y = 0, I-component) corresponds to rotations around the x-axis

@ an out-of-phase pulse (v = 7 /2, ()-component) corresponds to rotations about the y-axis

Q=0
=1

J(t) = Jms(t) sin (wqt)
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Y-control gate

c(t) = iYe, (t) ¢ (0)

Cicos () _isin (&
W Yo = ((>) e % 0,(1) =1 [ s(ryir

o the term —s(t)5 v %ay in the Hamiltonian enables a rotation around the y-axis of the Bloch

sphere through the control of the envelope signal s(t).
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Y-control gate

c(t) = iYe, (t) ¢ (0)

Cicos () _isin (&
W Yo = ((>) e % 0,(1) =1 [ s(ryir

o the term —s(t)5 v %ay in the Hamiltonian enables a rotation around the y-axis of the Bloch

sphere through the control of the envelope signal s(t).

e To implement a 7-pulse on the y axis, one has to choose the parameters such that O, (t) = 7
with a driving signal in quadrature with the qubit drive.

0 —i

Forestiere & Miano Introduction to Circuit Quantum Electrodynamics 3-7 Feb 2025 57/80



Swap Operation

SWAP

10) — |01) suap— | 00 10
01) — [10) 0100
111) — |11) 0001

1ISWAP

|00) — |00) 10 0 0
|10) — ¢ |01) isuap— | 0 0 =i 0
101) — i [10) “lo - 0 o0
|11) — |11) 00 01
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Two coupled transmons

Hamiltonian in the weak-coupling regime

transmon 2

Two degrees of freedom: fluxes ¢; and ¢s.

{¢1,Q1}; {p2, Q2} are conjugate variables.

q1, qo are the charges associated with the
capacitors C1, Cs. Note g1 # Q1, g2 # Q.

Weak coupling regime: Cy < C1,Cs

@ In this limit, we have ¢; ~ @)1 and g2 ~ Q2

Forestiere & Miano
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Two-level approximated model: Transmon 1

Ec
Xgl)(qsl) 1) +Eél) wgl) =\/8Ec1|E| — Tl
heof”
(1) (1 (1) . hw®
X1 (¢1) + [0t)) —E; (1) o 2'5 &M

{6§I)|0(1)) _ _|0(1)>

69)|1(1)) _ +|1(1)>
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Two-level approximated model: Transmon 1

Ec
Xgl)(¢1) 1) +Eél) wgl) =\/8Ec1|E| — Tl
heof”
(1) (1 (1) . hw®
xd(91) « 10 -, HY = =5

o(,l) definition

6]0) = —o) oD0®) = 0 o0 = 1)
eIy = 410y a(_1)|1(1)> = [0y
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Two-level approximated model: Transmon 2

E
XéZ)(QSl) « 1) +E82) wt(z) = \/8Ec2|Ej2| — 72

heo?

(2)
17 (92) « 0) ~By” e o

&E,Z) definition

3§2)|0(2)> _|0(2)>
5§2)|1(2)> _ +|1(2)>
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Two-level approximated model: Transmon 2

E
ng)(dh) « 1) +E82) wt@) = \/8Ec2|Ej2| — 72
hwf)
(2) (2) (2) ~ Fo?
X1 (¢2) + |0°) —E ) = L0

o

definition

[722) definition

6§2)|0(2)> _ _|0(2)> O'(_2)|0(2)> -0 af)|0(2)> = |1(2)>
6 1®) = 41 U(_2)|1(2)> — 0@) Uf)|1(2)> -0
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Two-level approximated model: Interaction Terms

3} = 1) 5210®) = @)
SPND) = jo) 62112) = j0@)
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Two-level approximated model: Interaction Terms

5751;2) definition

3} = 1) 5210®) = @)
SPND) = jo) s211®) = jo@)

bound eigenstates

T T e®
1 gc 6 "”’:‘r‘:———// ;,,771, ]
¢V = /+¢0/2 Xgl)i_idX(() )d¢ SO wo /|
T . _E 4 \Y‘ l’l
Qi = L C1_ 042 ~do/2 1 dO i e
2 o :
h C1Cy q(Q) _ /+<1>o/2 X@);zdxé )d¢> S o)
T ooz i d “E=

3-7 Feb 2025 62/80
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Circuit Hamiltonian in a two-level approximation

am a® i
/\2 n n

5~ qil B 271'(;52 495 B 27T¢)2 Cg A A

H_2C1+EJ1 [1 cos((l)0 ) +202+E2[1 cos<q)0 +Clc,2q1qQ
_transmon 1 _ C. .- transmon 2
: B : R (1) (2)
| SN | e+ P50 500 4 006062

B/ — ¢ Ch—— Ej, _

.’ e : gy = Aly)
I I : I 19 (0)) = [tbo)
| 9 =0 |
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Tensor product between vector spaces

o Let V and U be two linear vector spaces, of dimension Ny and Ny respectively
o Let {|v1),|v2),...} be the basis of V'
o Let {|u1),|ua),...} be the basis of V and U, respectively.

@ Vectors and operators of these spaces are denoted with an index, (v) or (u ), depending on
whether they belong to V or U.
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Tensor product between vector spaces

o Let V and U be two linear vector spaces, of dimension Ny and Ny respectively
o Let {|v1),|v2),...} be the basis of V'
o Let {|u1),|ua),...} be the basis of V and U, respectively.

@ Vectors and operators of these spaces are denoted with an index, (v) or (u ), depending on
whether they belong to V or U.

By definition, the vector space W is called the tensor product of V and U

W=VeU
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Tensor product between vector spaces

o the set of vectors {|v,) @ |u,),m =1,2,...;n=1,2,...} constitutes a basis for W;

o the tensor product is distributive

[Ae(e)] @ [Ix(u)
[lp(w))] @ [plx(u))

o the tensor product is linear

Allp(v)) @ [x(w))]
= plle@) @ [x(w))]

]
]

[o(v)) ® [A1 [xa(w)) + A2 [xa(w))] = Aile(v)) @ [x1(w)) + Aole(v)) © [x2(w))
[Arler(v) + Az (o)) @ [[x(u))] = Ax[e1(v)) @ [x(w) + Az [@2(v)) @ [x(w))

@ The scalar products in V' and U permits us to define a scalar product in W as well. Let be

lp(v), x(uw) = le(v)) @ |x(u)) and [’ (v),x"(v)) = [¢'(v)) @ [x'(w)) .
Then (¢’ (v), X'(u) | p(v), x(u)) = (¢'(v) | ¢(v)) (X' (u) | x(u))
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Tensor product of operators

o We consider a linear operator A(v) defined in V.

o We introduce A(v) acting in W, which we call the extension of A(v) in 1V, defined in the
following way:

A)[le() @ [x(w)] = [A)|e(v)] @ |x(u))
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Tensor product of operators

o We consider a linear operator A(v) defined in V.

o We introduce A(v) acting in W, which we call the extension of A(v) in 1V, defined in the
following way:

A()[lew)) @ [x(w))] = [A()|(v))] @ [x(u))
@ Now let A(v) and B(u) be two linear operators acting respectively in V and U.

@ Their tensor product A(v) @ 3(u) is the linear operator in W, such as

[A(v) @ B(uw][le(v)) @ [x(u))] = [Av)|¢(v))] © [B(u)[x(w))]
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State space of two qubits

transmon 1 C transmon 2
I—-=--=-=-=- == I—---=-=-=- - =

For Cy — 0 the two qubits decouple

5T oy = ooy 4 )
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State space of two qubits

5 ,t,rzzlzsr,n91;,s 11 ,3 ?‘i’ : - ;r;aysl_rrpp_?_i
I R I
5 3 C:' d 1; For Cy — 0 the two qubits decouple
it X =01 o f— X Ei
S T
?1 P
* En ==C 1 1 =G * Epo 2 2
= C C = C C
[p0) = ” o)+ 1) [60) = e o) + 7 1)

il
i
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State space of two gbits

A basis for the state space S = S @ S?) is given by the set of orthonormal kets

Cy

o1 { ¢ o 00) = |0M) @ [o®);
[
o 01) = o) @ [12))
E;1 x —C; Co—— X Ejo
o [10) = [1) & |o@)
b0 =0 o [11) = 1) & [1®)
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State space of two gbits

A basis for the state space S = S @ S?) is given by the set of orthonormal kets

C
o1 { ¢ o 00) = |0M) @ [o®);
[
o 01) = o) @ [12))
E;1 x —C; Co—— X Ejo
o [10) = [1) & |o@)
$o=0 ° |11) = 1(1)> ®© 1(2)>

1 (t)) = co0(t)[00) + co1(¢)|01) + c10(2)[10) + c11(¢)|11)

1= |eoo)® + |cor|* + |ewol* + len)?
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Schrodinger equation in the rotating frame

At ¢t = 0 the state of the quantum circuit is ¢g = [¢/(0))
11(0)) = c00(t)]00) + c01(0)|01) + c10(£)[10) 4 €11(0)[11)

To find the state of the circuit |¢)(¢)) at time ¢, we have to solve the Schrodinger equation

L d 5
i l) = Aly)
14(0)) = [4o)

= +%&§1> ®I®4+i0g %6—9) + Q6 @ 612
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Variable transformation: rotating frame

@ We solve the problem in a new variable |¢’).
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Variable transformation: rotating frame

@ We solve the problem in a new variable |¢’).

o At time ¢, the Bloch sphere representation
of each qubit is rotated clockwise about the
z-axis by an angle «(t) = 4wt with respect
to the Bloch sphere representation of |)

. 5 (h)
RW(a(t)) = -2 = exp (—ia(t)%) at) = —wt he{1,2}
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Variable transformation: rotating frame

|0)

@ We solve the problem in a new variable |¢’).

o At time ¢, the Bloch sphere representation
of each qubit is rotated clockwise about the
z-axis by an angle «(t) = 4wt with respect
to the Bloch sphere representation of |)

. 5 (h)
RW(a(t)) = -2 = exp (—ia(t)%) at) = —wt he{1,2}

A

R(t) = RO (a(t)) ® RO (a(t)) = exp [iwy (t — o) 5 /2] @ exp [icor (t — 10) 62 /2]
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Coupled Qubits in the Rotating Wave Approximation

o To find the state of the circuit |¢)(¢)) at time ¢, we have to solve the Schrodinger equation

|¢ > = zntw}
’1/’ )) = lto)

A = Wi [0 @07 + 01 @ 0@ + o @ P2t 4 g1 @ o it
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Coupled Qubits in the Rotating Wave Approximation

o To find the state of the circuit |¢)(¢)) at time ¢, we have to solve the Schrodinger equation

|¢ > = zntw}
’1/’ )) = lo)

Disregarding the oscﬂlatm terms at frequency 2w we obtaln (rotatmg wave approx1mat10n):

fI’:tht[ Dol 4ol ol HWJFW
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Rotating Wave Approximation

d
iha [¥") = A (U(_l) ® O'_(E) + asrl) ® U(_2)) |¥")
¥ (to)) = [¢o)
@ We expand the unknown state |¢)(¢)) in terms of the four basis states of S:

[0 (t)) = coo(£)]00) + co1(t)[01) 4 c10(¢)|10) + e11(2)[11)

o Our goal is to determine the 4 coefficients, which are function of time and subjected to the
normalization condition.
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Rotating Wave Approximation

d
ih% [¥") = A (U(_l) ® O'_(E) + asrl) ® U(_2)) |¥")
¥ (to)) = [¢o)
@ We expand the unknown state |¢)(¢)) in terms of the four basis states of S:

[0 (t)) = coo(£)]00) + co1(t)[01) 4 c10(¢)|10) + e11(2)[11)

o Our goal is to determine the 4 coefficients, which are function of time and subjected to the
normalization condition.

o We substitute this expansion in the Schrodinger equation
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Rotating Wave Approximation

d
ih% [¥") = A (U(_l) ® O’_(E) + asrl) ® U(_2)) |¥")
¥ (t0)) = |v0)
@ We expand the unknown state |¢)(¢)) in terms of the four basis states of S:

[0 (t)) = coo(£)]00) + co1(t)[01) 4 c10(¢)|10) + e11(2)[11)

o Our goal is to determine the 4 coefficients, which are function of time and subjected to the
normalization condition.

o We substitute this expansion in the Schrodinger equation
o The operators 053) ® a(_2) and o*(_l) ® af) will g-bitwise act on the four basis states

accordingly to the definition of a(il ) and of )
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Coordinate evolution

@ We project the resulting equation along each of the four basis states of S, obtaining:

¢oo(t) =0 ¢oo(t) = const ¢oo(t) = const
¢o1(t) = —iQ4nt c10(t) cor(t) = =2 ,cor(t) co1(t) = +K pet®inet 4 [ o= 8linet
¢10(t) = —iQint co1(t) c10(t) = i/Qnscor (t) cr0(t) = — Ky etiinit 4 | o= iintt
e (t) =0 ¢11(t) = const ¢11(t) = const
@ We enforce initial conditions at initial time.
coo(t = 0) = coo(0), ¢oo(t) = co0(0)
[001(15 =0) = c01(0), c01(0) =+K4 + K_ 2K_ = ¢p1(0) + ¢10(0)
cro(t = 0) = c10(0), c10(0) = —K4 + K {2K+ = ¢01(0) — c10(0
c11(t =0) = ¢11(0), ¢11(t) = coo(0)
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Coordinate evolution

The two coupled qubits, initially in the state:

|’¢I(O)> = 600(0)|00> + 001(0)|01> + 610(0)|10> + 011(0)|11>

after a time ¢ their state (in the rotating frame) is:

i ' (t)) = coo(t)[00) + co1()|01) + c10(t)[10) + c11(¢)[11)
F ¢, Co— %

F Er2 \where the coefficients are the following time-functions
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Matrix representation of the evolution operator

The coefficient can be also represented in a matrix form as:

coo(?) 1 0 0 0

| co(t) 10 cos(Qnst) —isin (Qnet) O
c(t) = ci)(l)(t) c(t) = U(t)e(0) U(t) = 0 —isin(Qintt)  cos (Qnt) O
c11(t) 0 0 0 1
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Matrix representation of the evolution operator

The coefficient can be also represented in a matrix form as:

Coo(t) 1 0 0 0
| co(t) 10 cos(Qnst) —isin (Qnet) O
c(t) = c10(t) c(t) = U(t)c(0) U(t) = 0 —isin(Qintt)  cos (Qnt) O
c11(t) 0 0 0 1
The two qubits are tuned in resonance, wﬁl) = wt@) for a time interval At such that Q;,; At = %,
1 0 0 O
. 0 0 —i 0
iISWAP = 0 —i 0 0
0 0 0 1

Forestiere & Miano Introduction to Circuit Quantum Electrodynamics 3-7 Feb 2025 75180



Bell State Generation

Forestiere & Miano

Y+7r/2

| |
X
| || iswAP
+ X+7r/2 :
| |
) sin (%)
S

Introduction to Circuit Quantum Electrodynamics

—1
+1

+1

—1
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Bell State Generation

o) 1) |1h2)
| | |
0) -4 X—n/2 : N Yy ——
| || iswaP |
10) = Xtz 1 !
| | |
1 0 0 0
1| —i =1 , 0 0 —i 0 il 1o
Xiﬂ?_ﬁ‘il i WA=, 0 o Y@__ﬁ‘—l 1
00 0 1
1 —i i -1 1 0 10
[ 1 [ R S R i o 1 01
Xoap®@Ramp =g 4 1 1 Yap®l=="2l 1 0 10
e 0 -1 0 1
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Bell State Generation

) [%0) 1) |1h2)
! [ !
=] 0) X 10| — R
’ | || iswap l
|O>+X—|—7T/2 : :
I [ !
-1 —i +i -1 -1
1| =i -1 —1 4 L —
X_w/2®X+7r/2:§ +i -1 -1 —i |¢1>:X_”/2®X+”/2|¢0>=5 +i
—1 +i —i -1 -1
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Bell State Generation

[vo0) 1) [v2)

-1 I I I
] 0) X | N

Ve i : || iSwAP |

) K |

| | |

10 0 0 1
o 0 —io . 1|
iswap=| -~ 0 [$2) = iSWAP [¢h1) = —— |

0 0 0 1 1
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Bell State Generation

%0) 1) |12)
1 I I I
o) = — | 10) = Xm2 H Yoins ——
1 ! || iswaP |
1 10) = Xerj2 f— :
| | |
1 0 1 0 1
1 0 1 01 1 0
YW/2®I:_E -1 0 1 0 ’¢3>:Y7r/2®1‘¢2>:ﬁ 0
0 -1 0 1 1
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