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Chapter 1

Introduction

1.1 Research background

Quantum computers open the door to quantum simulation with potential applications
in the field of condensed-matter physics, high-energy physics, atomic physics, quan-
tum chemistry and cosmology [1]. Moreover, some problems like factoring very large
numbers into their primes using Shor’s algorithm and searching large, unstructured
data sets with Grover’s search algorithm, can be solved in a reasonable amount of time
using a quantum computer contrary to a conventional, classical computer [2]. This
large panel of applications and the potential impacts on society explain why building a
quantum computer is a major focus for the scientific community. Then comes the ques-
tion of how can a quantum computer be implemented. First and foremost, quantum
information is encoded in qubit states. A qubit is a mathematical object whose general
state is a linear combinations of |0) and |1), 1.e |) = «|0) + B |1) with the complex
numbers « and B satisfying |a|? + |8|*> = 1 [2]. The following five DiVincenzo criteria

are necessary conditions for constructing a quantum computer [3] :
1. A scalable physical system with well characterized qubit
2. Long relevant decoherence times
3. A "universal" set of quantum gates !

4. The ability to initialize the state of the qubits to a simple fiducial state

! An arbitrary quantum computation on any number of qubits can be generated by a finite set of gates

that is said to be universal for quantum computation [2].



5. A qubit-specific measurement capability

The way the first three criteria are satisfied in the context of circuit quantum elec-
trodynamics (circuit QED) [4], which is a possible hardware for a quantum computer,
is of interest for this master thesis. More precisely, we focus on the implementation of

surface code fabric developed at Qutech whose purpose is given at point 2 [5]. :

1. Qubits are realized by flux-tunable transmons interconnected by bus resonators
[6]. They are presented in details in Sec. 2.1 and are laid out on a two-dimensional
square lattice to form the surface code [7]. The latter consists of data-carrying
qubits and X (Z) type ancilla qubits. The numbers in Surface-7, Surface-17 and
Surface-49 indicate the amount of qubits on the chip, as shown in Fig. 1.1.1 for
the specific example of Surface-17 [5].

2. The surface code protects data qubits from decoherence caused by the interaction
between the qubit and the noisy environment. As the surface code itself is not the
main focus of this work, we only mention its purpose, give a general idea on how
it works and recommend the reader to turn to Refs. [8] and [9] for more detalils.
In order to detect whether errors occurred on the data qubits and to correct them
afterwards, ancilla qubits are used to perform X type and Z type quantum parity
checks of their nearest-neighbor data qubits [5]. In other words, each ancilla qubit
interacts with its four neighouring data qubits in a specific order and the states of
the ancillas are then measured. From the output formed by the set of parity checks
on the whole fabric, errors on data qubits can be extracted and then (hopefully)

corrected.

3. A universal set of quantum gates for computation with unencoded qubits, 1.e. the
state of one qubit is encoded in a single physical qubit, is formed by the unen-
coded CPHASE gate and with some single qubit rotation gates>. However, in the
context of the Surface code, the state of a qubit is encoded redundantly in a so-
called logical qubit formed by a higher number of qubits [8]. Then, an encoded
universal set of gates, 1.e. gates which are effective on the logical qubit, is required

2Single qubit and CNOT gates are universal [2]. CNOT and CPHASE can be built from each other via

1 1
the relation CNOT = (I ® H)CPHASE(I ® H), where the hadamard gate is H = \% <1 1) , see Fig.
8 in [10]. Hence CPHASE gate together with the set of single-qubit rotations also form a universal set of

quantum gates.



for computation. This thesis discusses unencoded CPHASE gates. In the Surface

code, they are used in order to do error correction.

Figure 1.1.1: Layout of the so-called Surface-17 code fabric (enclosed in the black line) where
data qubits are represented by red circles with D labels, while blue (green) circles with X (Z)
labels represent ancillas performing X type (Z type) quantum parity checks of their nearest-
neighbor data qubits [5]. (The figure is taken from [5], page 2.)

1.2 Problem description

In superconducting qubit architectures achieving high fidelity two-qubit gates is chal-
lenging. Considering the CPHASE two-qubit gate, the interaction that allows its imple-
mentation is the so-called cross-Kerr interaction, which is characterized by the cross-
Kerr coefficient defined as

X = En1 — Eio— Em. (1.1

Here Ej1, Ejp and Ep; are the instantaneous eigenenergies associated with the states
|11), |01) and |10) and the lowest energy level Ey, associated with the state |00), is
set to zero®. When we want to perform a CPHASE gate, the system is generally taken
to a point where the cross-Kerr coefficient x between the two qubits involved in the
CPHASE gate is high, leading to a fast gate [11]. On the other hand, the ability to reach
high cross-Kerr at the interaction point generally entails also non-negligible residual
cross-Kerr between neighbouring qubits, when they are not supposed to interact. This
unwanted residual cross-Kerr interaction is referred to as ZZ crosstalk [12]. The latter
causes a shift of the frequency of a qubit depending on the state of each of its neigh-

bours. The value of the shift is also given by the cross-Kerr coefficient in Eq. (1.1). The

3We emphasize that the states [00), [01), [10) and |11) are the instantaneous eigenstates and not the

computational ones. These bases are not equivalent when an external flux is applied to the circuit.



effect of crosstalk on the fidelity of the CPHASE gate, as yet not well known, is cur-
rently being studied [13]. Additionally, the method that we use in order to simulate
the CPHASE gate in this thesis, the eigenmode approach, involves different approxi-
mations that can be applied. To the best of our knowledge, the problem of determining

which approximation can be used to simulate the CPHASE gate has never been studied.

1.3 Scope of this work

In this thesis, a method referred to as the ‘eigenmode approach’, is introduced in Sec.
2.2. Given a certain circuit composed of capacitances, inductances and Josephson junc-
tions, it identifies the eigenmodes of the linear part of the circuit as qubit-like or resonator-
like modes and adds the non-linearity of the Josephson junctions as a coupling between
the modes. Approximations can be applied to the potential of the Josephson junctions.
Firstly, a Taylor expansion up to a certain order is performed on it. Then, the rotating-
wave approximation (RWA) or what we will call the full rotating wave approximation
(full RWA) can be applied on top of that to the non-linearity. These approximations
are presented in Subsec. 2.2.2. This method was initially presented in Ref. [14] and a
Quantum Circuit Analyzer Tool, called QuCAT, based on this method is presented in
[15]. As the ultimate goal is to provide an accurate CPHASE analysis in presence of
ZZ crosstalk, the first step is to validate the accuracy of the different approximations.
The (in-)validation of the approximations is carried out in Subsec. 3.1.3 using two ca-
pacitively coupled transmon qubits. This circuit is chosen because it can be easily nu-
merically diagonalized in the Cooper-pair basis. As a result, a comparison between
the exact solution in the Cooper-pair basis and the results obtained with the differ-
ent approximations, provides a way to check their validity. The energy levels and the
avoided crossing positions (point where a CPHASE gate can be implemented [11]), are
compared between each approximation and the exact solution in Subsec. 3.1.3. Once
the approximation with desired accuracy is determined, it is used for CPHASE simula-
tion. In order to tackle the problem described in Sec. 1.2, this work provides a CPHASE
analysis without crosstalk and then with crosstalk from a neighbouring qubit. Firstly,
in Subsec. 3.2.1 CPHASE simulations are performed using a system of two capacitively
coupled transmons. Then, in Subsec. 4.2 a third transmon, the spectator, is added in
order to perform CPHASE simulations in presence of crosstalk using a system of three
capacitively coupled transmons. We analyze how crosstalk from the spectator impacts

the CPHASE fidelity. We point out out that no noise is implemented as we aim to verify



whether simulations using the eigenmode approach can be used to accurately model
the CPHASE gate. Another reason we do not implement random noise is that we need
to compare simulations in Subsec. 4.2, in order to determine the effect of the crosstalk

on the gate itself.

1.4 Research questions

This thesis addresses mainly the following questions. Firstly, we would like to deter-
mine if the eigenmode approach can be used to accurately model the CPHASE gate.
And which approximation can be used for describing the two-qubit interaction in the
CPHASE gate simulation. Secondly, we consider the question of whether other approx-
imations could be used to accurately describe crosstalk effects from neighbouring qubits on
Qp and Qyu, 1e. the two qubits involved in the CPHASE gate. And if this is the case,
which approximation could be used for that purpose.

The choice of the two capacitively coupled transmons for CPHASE simulation raises
another question because in superconducting qubit architectures, the coupling is often
mediated via resonators. Indeed, one could ask whether the simulations, when using a
resonator would remain the same or, on the contrary, invalidate the conclusions drawn from
CPHASE simulations with a capacitive coupler. As the behaviour of a system is charac-
terized by its Hamiltonian, we are seeking to prove that the energy levels of interest,
obtained on one side with the resonator and in the other side removing the resonator,
are in good agreement. This analysis is carried out in Sec. 3.3. Finally, the questions
"What are the CPHASE fidelity when we apply diabatic pulses and use the method
of the eigenmode approach ?” and "How much does crosstalk affect the fidelity of the
CPHASE gate?” are addressed in Subsec. 3.2.1 and Sec. 4.2, respectively.

1.5 Plan

This thesis is organized as follows :

Chapter 2 introduces some theory underlying circuit QED : its building blocks
and the eigenmode approach, to mathematically analyze its circuits. Finally, the
CPHAGSE gate is presented.

Chapter 3 gathers the eigenmode analysis and CPHASE simulation without crosstalk
of a system composed of two capacitively coupled transmon qubits.

8



Chapter 4 is dedicated to the eigenmode analysis and CPHASE simulation with

crosstalk of a system involving three capacitively coupled transmons qubits.

In Appendix A, a clarification about what terms drives effectively the CPHASE
gate in the eigenmode approach is presented. Then, a proof on which the deriva-
tions of the eigenmode method is based is given in Appendix B. Finally, in Ap-
pendix C, a connection between a N-port network and its equivalent Foster circuit

is drawn.



Chapter 2
Theory

This chapter starts with an introduction of the circuit QED building blocks in Subsec.
2.1. Then, the eigenmode approach is described in Subsec. 2.2. Finally, the theory
underlying the CPHASE gate is presented in Subsec. 2.3.

2.1 Circuit building blocks

In this section, we introduce the building blocks of circuit QED quantum processors.
These circuits generally consist of capacitances, inductances, Josephson junctions and
transmission line resonators [4]. From these elements, different types of Josephson junc-
tion based qubit circuits can be build up such as the Cooper-pair box, the transmon
qubit, the flux qubit, the phase qubit and the fluxonium (see [16] and [17]). In this thesis
we focus on the transmon qubit, which is a Cooper-pair box shunted by a large capac-
itance [16], because currently most of superconducting chips are based on transmons
[18]. Both are extensively presented in Subsec. 2.1.2. The resonators are supercon-
ducting coplanar waveguides and the ones we consider are used either to read-out the
qubit state or to mediate the interaction between them, in order to perform two-qubit
gates. In effect, the state of a qubit capacitively coupled to a readout resonator can be in-
ferred by measuring the state-dependent shift of the resonance peak in the transmission
spectrum of the latter [4]. This procedure is called dispersive readout. Instead, bus res-
onators are capacitively coupled to two transmons and mediate the coupling between
them. Although transmission line resonators have many resonant modes, they are gen-
erally modelled by single quantum harmonic oscillators, focusing on the fundamental
mode [19].

10



Unlike resonators, transmons are anharmonic oscillators. The anharmonicity is re-
quired in quantum computation in order to isolate the computational basis spanned
by the two lowest states |0) and |1) from the higher energy levels. In fact, a harmonic
oscillator cannot be used as a two-level system because a linear drive at the resonant
frequency would induce transition with higher energy levels and populate them. The
element that brings anharmonicity to the transmon spectrum is the Josephson junction
(J]), which can be seen as a non-linear inductor. Josephson junctions are supercon-
ducting circuit elements formed by two pieces of superconductors separated by a thin
insulating barrier. Cooper-pairs can tunnel through the barrier resulting in a flow of
superconducting current across the junction [16]. The quantum treatment of harmonic

and anharmonic oscillators is presented in Subsecs. 2.1.1 and 2.1.2, respectively.

2.1.1 Quantum LC oscillator

An LC oscillator, whose circuit is shown in Fig. 2.1.1, is formed by a capacitance and an
inductor, denoted by C and L respectively, connected in parallel and across which we

define the flux difference

D(t) = /_too ar'v(t), (2.1)

where V(t) is the voltage across C and L.

o
L C

Figure 2.1.1: LC oscillator circuit.

The resonant frequency of the oscillator is wrc = 1/+LC and its Lagrangian is

given by the capacitive energy ("kinetic energy") minus the inductive energy ("potential

energy'):
&) . cod? @2

The charge Q is the canonical conjugate variable of ® and is obtained with the rela-

11



tion :

The Legendre transform of the Lagrangian in Eq. (2.2) with respect to ® leads to the
Hamiltonian [19] :

H(®,Q) = 6Q - L(®,d) = L + & 2.4

’ ’ 2C 2L '

In order to obtain a quantum description of the problem, canonical quantization is per-
formed by promoting ® and Q to operators (denoted by hat) and imposing the commu-
tation relation [®, Q] = ifi. This commutation relation implies that the spectrum of the
Hamiltonian is discrete, with each energy levels separated by the constant quanta given
by : AE= E, 11-E;= hwyc with n € INg. Thus, the Hamiltonian in Eq. (2.4) describes an

harmonic oscillator.

2.1.2 Anharmonic oscillator: the Cooper-pair Box and the Transmon

Cg

E | I | 4

H i
Cank S ——

Vos ') X o

:- Ey C
:

I,

Figure 2.1.2: Circuit of the Cooper-pair box. The red dashed part of the circuit is used as a

model for charge noise. The superconducting phase, ¢, associated with the flux @ is given by

Q= %, where & = zﬁe is the superconducting flux quantum.

A Cooper-pair box (CPB) is a circuit formed by a Josephson junction and an additional

capacitance, as depicted in Fig. 2.1.2. It is characterized by the following Hamiltonian:

H =4E (7t — ng)* — Ejcos(¢), [¢,a] =i (2.5)

with charging energy E. = ¢?/(2Csz), Cx = C + Cg, and ng = C4V,/(2¢) the reduced
gate charge, 1.e., the parameter that characterizes charge noise. E, is the energy cost
of adding or removing a Cooper-pair on the capacitor plate. The Josephson energy
E; is the energy involved when a Cooper-pair tunnels through the insulating barrier

in order to reach the island at the other side [20]. Here 7 and ¢, which are canonical

12



conjugate variables as they satisfy the commutation relation in Eq. 2.5, are respectively
the operator for the number of Cooper-pairs transferred between the islands and the
phase difference across the superconducting electrodes of the Josephson junction. 7 is

related to the charge operator by Q = 2efi.

Diagonalization in the Cooper-pair basis

We introduce the Cooper-pair basis formed by the set {|n) } where the integer n corre-
sponds to the number of pairs in state |n). 7 and § satisfy the relation [f, e*'?] = +e*i?,
see [21], which implies:

el n) =|n+1). (2.6)

We express the potential in Eq. (2.5),

. i 4 ,—if
V:—ﬁmd@:—ﬁi%?—, 2.7)
in the Cooper-pair basis using Eq. (2.6) as
. e
V=Y —?(|n><n—|—1|+|n+1)(n|). (2.8)
n=-—co

Notice that the operator 71 has a discrete spectrum given by Z, the set of integers. This
implies that its conjugate variable ¢ is a compact variable whose eigenvalues are de-
fined in ¢ € (—7, 77|, 1.e. the states |¢ — 71) and |¢ + 77) are identical. Using the discrete
relation of completeness I = Y ov_ . |m) (m| and the fact that (m|¢) = e~""?, we obtain
the relation |¢) = Yor__ e~ "% |m) from which we can check that |¢ — ) = | + 7).
The eigenvalue problem associated with Eq. (2.5) has an analytical solution in terms of
Mathieu functions [22]. However, Eq. (2.5) can also be diagonalized numerically in the
Cooper-pair basis by cutting the Hilbert space to a sufficient number of charge states,
taken to be symmetric around zero (14 € [0, 1)), and by checking that the eigenenergies
we are interested in do not change if we include more charge states in the diagonal-
ization. We use this approach since it is easy to code also when we consider more
capacitively coupled Cooper-pair boxes as in [23]. Explicitly, in the Cooper-pair basis
we are making the following approximations :

[ee] m

(h—ng)= Y (n—ng)ln) (nl~ Y. (n—ng)|n) (n] (29)

n—=—oo n=-—m

13



and

(@ e ) = Y0 () in 1]+ |n+ 1) (n)

n=—oo

cos() =

N —

(2.10)

m—1

~ 5 L) 14 1) o,

n=-—m

We perform these approximations on the Hamiltonian in Eq. (2.5) and we obtain a finite

matrix to be diagonalized numerically. We refer to this method as exact diagonalization.

Transmon regime

The transmon qubit is essentially a CPB operated in the regime of E;/E. € [40,200] [17].
In many designs, transmons are flux tunable so the single Josepshon junction shown in
Fig. 2.1.2 is replaced by a SQUID loop. In other words, a flux-tunable transmon consists
of two superconducting islands coupled through two Josephson junctions [6]. The use
of the SQUID loop is discussed in Subsec. 2.1.3.

In the so-called transmon regime, E;/E. > 1, the phase variable remains close to
the minima of the cosine potential. Indeed, the low-energy wavefunctions are confined
near ¢ = 0, the only minimum for ¢ € (—m, 7| [20]. The confinement of the wave-
functions in phase representation allows us to take the Taylor expansion of the cosine
[24]:

. 1., 1., 1,
Ve~ —E](l—ig02+ﬂqo4—aq06+...). (2.11)

This approximation however is only valid if we are interested in the low lying energy
levels of the system, it completely neglects the periodic boundary conditions and con-
sequently it cannot see the dependency of the spectrum on the parameter n,. This is
because we are substituting solutions normalized in ¢ € (—7, 7r] with solutions nor-
malized in R. As a consequence the charge operator has no longer a discrete spectrum
in this approximation [24]. We now derive the linear and non-linear Hamiltonian of a
transmon in terms of its creation and annihilation operators. We expand the cosine in
Eq. (2.5) up to 4th order and neglect ny, which is valid in the regime E;/E; > 1 [19]
and [24], and we get

N ) 1., 1,
A~ HAY =4En? — Ej(1 - 519+ 59 (2.12)

In general if we perform a Taylor expansion up to order k we will denote the associated

Hamiltonian H*). The strategy now is to diagonalize the quadratic part by introducing

14



the annihilation and creation operators, 4 and at as:

(2.13)

They satisfy the commutation rule {ﬁ, ﬁ*] = 1. The transmon Hamiltonian in Eq. (2.12)

omitting the constant term, is split into a linear, Ay, and a non-linear, Hn(,nhn, part as

follows :
Ay, = 4E.7? + 1E;¢?,
lin = SR 259 (2.14)
Hponlin = _ﬂE]q) .
Substituting the expressions in Eq. 2.13, this becomes :
1
S Tt 2y 1p (267 (4t 4 g)2
Hy,, = —4E.+ ( ) (a* —a) +2EI<E,) (a*+a)7, 2.15)

Huontin = (2E6>( ) :

A quantum harmonic oscillator with frequency w; = /8E.E;/h is recovered for the

linear part of the Hamiltonian :
Ay = hes (a*a 4 1) (2.16)
mn 2 7
while the full expression for the 4th order Hamiltonian is given by:

. 1 1 2E
A® = hey (a'a + 5) — 556 i E;) (a" +a)™. 2.17)
Eq. (2.17) can be diagonalized for instance in the Fock basis, by considering a finite
number of Fock states, to provide an approximation of the eigenenergies of the trans-
mon Hamiltonian. Notice that since the 4th order potential goes unphysically to -co for
¢ — Foo, we have to be careful, since including too many Fock states in the diagonal-

ization might give unphysical solutions that are an artifact of the approximation.

2.1.3 SQUID

A SQUID is a device where two Josephson junctions of energy Ej and Ej,, respectively,
form a loop. We will show that the effective Josephson energy of a SQUID, and thus its
resonant frequency, can be tuned by changing the external flux, ®*, through the loop.

The circuit of a flux-tunable transmon, depicted in Fig. 2.1.3, is obtained by shunting a

15



SQUID with a capacitance. It realizes a flux-tunable qubit platform. We use the relation
between the flux and the phase

2td
D= ——), 2.1
5 218)
where @ is the magnetic flux quantum. Then, the potential of a SQUID reads:
VSQUID = —En COS(gﬁl) — E}z COS(qbz). (2.19)

We associate to the external flux applied through the loop, @, an external phase given

by:
ext
o™t = 2”; . (2.20)

Due to flux quantization within the closed superconducting loop [16], the phase differ-

ence between the two junctions is fixed by the condition

¢1 — P2 = 27tn + 9. (2.21)

Here n is an integer. We assume the symmetry of the two Josephson junctions, 1.e.

Ej = Ejp = Ej, and we use a trigonometric relation. Then we get:

VSQUID = —2E] COS( 1 ; §02) COS( 1 _; Ll ) (2.22)
We introduce o
=170 (223)
and we use Eq. (2.21) to obtain the potential
R qDext
VSQUID = —ZE] COS( 5 )COS(@). (2.24)

We define Ej(®%t) = 2Ej cos (m®*/Py) as the effective Josephson energy of the cir-
cuit when an external flux pulse is applied. An effective Josephson energy can also be

derived in the case of non-symmetric Josephson junctions, see Eq. (2.18) in [6].

XX —

Eji| Ej

Figure 2.1.3: Transmon circuit with a SQUID loop. The resonant frequency of the transmon can
be tuned by changing the external flux ®** applied through the loop.
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2.2 Eigenmode approach

The method we denote by the eigenmode approach was presented for the first time
in Ref. [14] and recently a Quantum Circuit Analyzer Tool in Python implementing
the method has been developed [15]. Before providing a detailed derivation of the

eigenmode approach in the subsequent sections, let us give its main steps.

1. Superconducting circuits consist generally of connections of capacitances, induc-
tances and Josephson junctions. We will focus on circuits involving transmons
capacitively coupled to bus resonators. An example for the specific case of the
Surface-7 layout is depicted in Fig. 2.2.1a and schematically in Fig. 2.2.1b. The as-
sociated Lagrangian is obtained by performing circuit quantization. By expansion
of the cosine potential, the Josephson junctions of the transmons are split into a

linear (linear inductor) and a non-linear (spider) part as represented on Fig. 2.2.2.

2. The non-linearities of the Josephson junctions are taken out of the linear network,
characterized by its impedance matrix Z(s) [25]. The basics about N-port network

are presented in Appendix C.

3. In a first step, the eigenmode approach consists in focusing on the linear network
in order to obtain its normal modes and the associated frequencies. This is done
by diagonalization at the Lagrangian level as presented in Sec. 2.2.1. We em-
phasize that only the linear Lagrangian is treated in this step. The eigenmodes

obtained are identified as either qubit-like or resonator-like modes.

4. In a second step, the non-linearity is expressed in terms of the eigenmodes. Then,
applying the second quantization, the Lagrangian and the Hamiltonian are ex-
pressed in terms of the annihilation and creation operators associated with the
normal modes. On top of the non-linear Hamiltonian, different approximation

can be taken. These are introduced in Sec. 2.2.2.

17



(@ (b)

(c)

Figure 2.2.1: Surface-7 layout developed at Qutech in the DiCarlo lab. It is used in order to im-
plement Quantum Error Correction. Fig. a) shows the Surface-7 layout as drawn in the context
of FEM simulation in [26]. Here a is one of the qubits, b and c are one of the bus and readout
resonators, respectively. d is one of the feedlines that is part of the qubit measurement circuitry
and e is one of the flux drive line used to apply an external flux in the loop of a SQUID. Finally,
f is one of the microwave drive line. (The figure is taken from [26], page 3). Fig. b) represents
schematically Surface-7. It shows the bus resonator connecting the coloured transmons, whose
associated target frequencies are indicated. The names D;, Z; and X refers to the role the qubits
play in Quantum Error Correction protocol : data-carrying vs Z (X) type ancilla qubits. Fig. c)
illustrates how the Surface-7 is seen from a network point of view, in which the linear network,
within the black box, is fully characterized by the impedance matrix, Z(s), while the coloured
spiders stand for the non-linearities of the Josephson junction associated with the transmons in

Fig. b).
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Figure 2.2.2: By expansion of its cosine potential, a Josephson junction, symbolized on the
left, can be split into a linear inductor in parallel with a "spider" symbol standing for the non-
linearity as drawn on the right. This representation allows excluding the non-linearity of the
Josephson junctions from the linear part of network.

2.2.1 Diagonalizing classical linear systems at the Lagrangian level

The following derivation is adapted from an unpublished work by Ciani [27]. We con-
sider a N-port linear network consisting only of capacitances, inductances, mutual in-
ductances and ideal transformer. We use the method of nodes, described in the sub-
sections 2.1.6 to 2.1.8 in Ref. [16], in order to determine the degrees of freedom of the

circuit. We gather the resulting independent flux variables and define the vector
Opy
~ Dpn

Bpp = . (2.25)
P

DN,

Here ®p, withn = 1,..., N, denote the fluxes across the ports of the network (where

the spiders of the Josephson junctions are attached). They are formally defined as

t
Pou(t) = [ dt'Viu(t), (2.26)

where Vp,(t) is the voltage across the nth port. The fluxes @y withk = 1,..., Ny in
Eq. (2.25) denote generically internal flux degrees of freedom. In the circuits analyzed
in this work, the latter are associated with the bus resonator modes. From now on,
we denote the total number of degrees of freedom by M = N 4 N;. We introduce
the capacitance matrix C and the inductance matrix L which are, in general, positive
semidefinite, symmetric matrices. In essence, they are positive semidefinite because the
capacitive energies and the inductive energies are sums of non-negative quantities [28].

For simplicity, we will assume from now on that C and L are positive definite matrices

19



and they are thus both invertible. The Lagrangian of the N-port linear networks that

we consider can always be expressed as

r ~ S _ E,LT 3 _ ENT 1%
(q)PI, q)PI) — 2(I)PIC(I)PI zq)PIL (I)PI. (2.27)

We take the Euler-Lagrange equations associated with each independent flux variables

and obtain

ii _ 9L =0, fork = 1,2,.., M. (228)

dt a&splk acFISPI;(

This system of equations can be compactly rewritten as

4> Dpy

dr?
As Cis symmetric and positive definite, it is invertible and it is thus possible to multiply
on the left by C~:

C

= —L 7 '®p. (2.29)

d>dpy
dt?
The solution of the problem thus coincides with the diagonalization of the matrix C™1L~1.

= —C 1L '®yp. (2.30)

As we assumed that C~! and L~ are both separately invertible, this reduces to diago-
nalizing the matrix (LC) ™1, leading to:
dZEIVJPI
dar?
We demonstrate in Appendix B that the matrix (LC) 1 is diagonalizable and has pos-

= —(LC) @y (2.31)

itive and real eigenvalues. It stems from the symmetry and positive definiteness of the
matrices C and L. As matrix multiplication do not preserve the property of symmetry,
the matrix P diagonalizing (LC) ! is not necessarily orthogonal (nor unitary). We thus

introduce the matrix P such that

w% 0 0
0 @ 0 . .

P(LO)TPT = | “2 = w?. (2.32)
o . .0 wizw

The fluxes are related to the eigenmodes ® via
®p; = PO, (2.33)
and it holds that

PO,

T —wi®; fork=1,2,., M. (2.34)
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These equations describe a set of uncoupled harmonic oscillators and therefore the so-
lutions for the eigenmodes are of the form Oy (t) = Apelt 4 Bre~iwrt, Starting from
the Lagrangian in Eq. (2.27) and using Eq. (2.33), let us now demonstrate that in the
eigenmode basis we obtain a sum of uncoupled harmonic oscillators. The Lagrangian

in terms of normal modes reads

. 1. .1
L(®, D)= E<1>T(P—1)TCP—1<I> - EcI>T(P—1)TL—1P—1c1>. (2.35)
As C is invertible, the identity I = CC~! can be introduced on the right term
. 1. .1
L(®, @) = E<1>T(P—1)TCP—1cI> - E<1>T(P—l)ch—lL—lp—ch:. (2.36)

Similarly, the identity I = P~1P is introduced on the right term
E
2

in order to replace PC~1L~1P~1 by the diagonal matrix w?. This gives

L(®,®) = -dT(PHTcPr'd - %(I)T(P_l)TCP_1PC_1L_1P_1<I), (2.37)

.1, .1
L(®,®) = Ec1>T(P—1)TCP—1cl> - E<1>T(P—l)TCP—%chp. (2.38)

Crucially, the matrix
Cit = (P~H)Tcp™?! (2.39)

is always diagonal with real and positive eigenvalues as we show in detail in Appendix
B. Cef is called the effective capacitance matrix and its diagonal elements are denoted
by Ciefr- Thus, as expected, we are able to write the Lagrangian as a collection of un-

coupled harmonic oscillators:

. M Cretf s CrefiWs
L(b,@) = ) Tetgp - e (2.40)
k=1

Before passing to the Hamiltonian we perform a useful rescaling. This will provide
a better connection to the impedance representation of the problem. The impedance
representation and its connection with the eigenmode approach are introduced in Ap-

pendix C. We consider an arbitrary capacitance C and we rescale the variables as

C

b, — by. (2.41)
Chett
After this rescaling the Lagrangian reads
M 2
. C . C
L(b,®)=) Zd2 - —ke? (2.42)

2 2

k=1
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We see that now each harmonic oscillator has the same arbitrary capacitance. In this
eigenmode basis, getting the canonical conjugate variable associated with @y is straight-
forward as there is no more coupling between the variables. Defining the vector of

conjugate variables as

oL .
== =Cd, 2.43
Q=52 243)
we can obtain the Hamiltonian
M Q Cw M Q q)Z
H(® Q) =), 2(15 - Z R (2.44)
k=1 =

with the effective inductances Ly = 1/(Cw?). In order to obtain the quantum Hamilto-
nian, the first quantization is performed by imposing canonical commutation relations

between the flux and charge variables, which are promoted to operators :
[®r, Q1] = ihdy. (2.45)

We now express the fluxes and charges in terms of the associated creation and annihi-

lation operators :

X hz

&, = 7" (af + ), (2.46a)

Or=i i(a*—fl) (2.46b)

k 2Zk k k- .
Here the characteristic impedance of mode k = 1,..., M are defined as
Ly
Zr =\ —. 2.47
k C (2.47)

The annihilation and creation operators obey the commutation relations
[, 2] =0, (8, 4] = du- (2.48)

Thus, in the eigenmode basis, the linear part of the Hamiltonian is a sum of quantum
harmonic oscillators: y
- a1
th = Z hwk <ﬂzﬂk + ) . (249)
k=1 2
The flux at the ports can be expressed as a linear combination of the elements of ® as

¢ d,. (2.50)

- nk
k=1 Ck,eff



Finally, and importantly, substituting Eq. (2.46a) in Eq. (2.50) provides an expression for

the flux at the ports in terms of the normal mode creation and annihilation operators,

. /hZ
&p, = (af +ax), n=1,...,N. (2.51)
Ckeff

This allows us to generahze the approach of Refs. [14] and [29] to the multi-port case

At AL
a4y and ay

treating the non-linearity as an additional coupling between the normal modes of the
linear part of the circuit, which is exactly diagonalized.

In the previous derivations, the Lagrangian is expressed in terms of the flux vari-
ables and using the inductance and capacitance matrices. Alternatively, it can be ex-

pressed in terms of the phases variables

_ 2n®
(P_ qDO .

(2.52)

Then, we use the charging and the Josephson energy matrices E. and Ej, respectively.

We introduce the inverse of the charging energy as

2
—1 _
E " = e—zc (2.53)
and the Josephsons energy matrix as
h?
Ep =L 2.54
L™ 1622 254)

The advantage of working with phase variables is that they have no units. The eigen-
value problem is essentially the same as it consists in diagonalizing E.E; instead of
(LC)~1, which are related by a proportionality constant. For convenience, we will use
this second approach when we study the circuit of two capacitively coupled transmons
in Sec. 3.1.2.

2.2.2 Discussion of the approximations

Let us consider again the non-linear part of the Josephson potential which have been
kept out of the linear network previously analyzed. In the normal mode basis, the

non-linear Hamiltonian reads

Aot = ¥ Z Efn[ 1) (210! <g>2u(;(1’_l)nk c ék)zu] (2.55)

u=2n=



and inserting Eq. (2.51) it becomes

B 1 1 27T Zu \/h»Zk ~t N
nonhn - E Z E]n |: u (2u) <®0> \/:eff a o '

u=2n=
(2 56)

In what follows, we present the different approximations which can be applied to

Hnonl'm .

1. Taylor expansion highest order approximation

The first approximation is the choice of the order 2u of the Taylor expansion. The
Hamiltonian resulting from the Ith order Taylor expansion will be denoted as H(").

For example choosing the 8th order, we get :

nonhn Z E]n |: < ) CD;L’H + 61,(3};;)6q)?’n - 81'<<2D7;) CD :| (2-57)

2. Rotating-wave approximation

The Hamiltonian resulting from the /th order expansion with a rotating-wave ap-
proximation applied on top is denoted by I:IIQQVA. Applying the rotating wave
approximation results in keeping only terms with equal overall number of anni-
hilation as creation operators. For example, in 4th order, terms like ﬁﬁzzﬁ;ﬁ; are

kept, while terms like 414,4,4} are dropped.

3. Full rotating-wave approximation

We introduce a further approximation referred to as full RWA and denoted by
A f(tll)HRW - This approximation is even more selective as it keeps only terms which
have the same number of annihilation as creation operators for each eigenmodes.
From our last example, 414,434} would be dropped because there is neither a
creation operator for mode 1, nor an annihilation operator for mode 3. On the

contrary, terms like ;84,4347 are kept.

The 4th full RWA approximation provides two analytical types of corrections on
the linear Hamiltonian : self-Kerr and cross-Kerr terms. For example, at 4th or-
der, each mode k has a self-Kerr term of the form 5k€1,tﬁkﬁ;§ak, while the cross-Kerr

interaction between each pair of modes i and j is described by x;;a} 4,4} jj, where
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Jr and x;; denote, respectively, the self-Kerr and cross-Kerr coefficients. We define
.I..
j
in the 4th full RWA approximation. We point out that in the previous definition

Xij = E11 — E10 — Eo1, assuming Ego = 0, as the coefficient that multiplies ﬁfﬁ,ﬁ a;
in Eq. (1.1), x;j is denoted with x as we considered only two modes. We empha-
size that the self-Kerr and cross-Kerr coefficients, as well as the Hamiltonian, are
obtained only from the solution of the classical problem. In other words, solv-
ing a system with M degrees of freedom only requires the diagonalization of the
(LC)~! matrix of size M x M, at the Lagrangian level. Thereby, as no further
diagonalization is needed in the Hilbert space, this suggests that the full RWA ap-
proximation could be a scalable way of estimating crosstalk from neighbouring

qubits via the analytical expression of the cross-Kerr coefficients.

Explicit analytical formulas for the 4th order RWA are provided in what follows.

At 4th order, the non-linear term reads:

N 4 M 4
A(4) E]n 27T —1 C 2
AW =y 2k (22 P )y — ) 2,
nonlin n;l 24 <q>0> <k_21( )nk Ck,eff k ( 58)

For each Josephson junction there are two kinds of terms that possess equal num-

ber of annihilation as creation operators for the same normal mode. The associ-

ated Hamiltonians are given in what follows.

e Firstly, the self-Kerr Hamiltonian of mode k associated with Josephson junc-

tion n, A, (k)

selfkerys 18 derived from

. E; /27\* C \2,
k) — _ L [ £t P14 Ht
24 \ @, ( )"k<ck,eff) k

B (2m\t g C N\RPZE L s
=k <®O> (P )nk<ck,eff> (a4 )

(2.59)

The self-Kerr of mode k involves terms having the same number of 4} as 4.
The commutation relation defined in Eq. (2.48) are used in order to simplify
the expression

(8 +ah)* " 3 1280, + 6atataeay, (2.60)

and neglecting the constant term we get

(k) RWA Opk st st s A b
Hgitkerr = 7akakakuk+5nkﬂkak- (2.61)
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Here the anharmonicity of mode k due to junction 7 is defined as

_E]n27T4714 C \2.2.0
Onk = ——5 <d>0> (P )nk( ) nZj. (2.62)

In terms of energy levels, the anharmonicity of mode k is defined as J;, =
(Ex — E1) — (E1 — Ep) [19], where we denote E,, as the energy corresponding
to the state with m excitations in mode k and no excitation in the other modes.
The total self-Kerr coefficient of mode k, that is its anharmonicity, is obtained

in the RWA approximation by summing over the ports:
N
=) bu (2.63)
n=1

e Secondly, we denote the cross-Kerr Hamiltonian between each pair of modes
i and j due to junction n, where i and j run from 1 to M and i # j, with
(1)
HcrossKerr ij°

with a single operator ﬁ:f, ﬁ}L, a; and 4;. This is why in Eq. (2.58), the cross-

For such a pair, the 4th full RWA approximation keeps terms

Kerr between mode i and j only involves terms with the product between ®?
and CDZ In order to derive ")

crossKerr i7 W€ start from

5 E, (27\* 1 g C?
g — <> (P~1)2,(P~1)26 q>12cp]2 _

ij 24 \ @ " Y Ciett + Cief (2.64)
B () e e O I B2 va)t
24 \ &g " VCietf - Cieff 4 S
We use the fact that in the full RWA
(af +a;)* (af +a;)” “EYR 1 4 2afa; + 207a; + 4af aiata;. (2.65)

Thus, neglecting constant terms and summing over each port n as well as on each

pair of modes, i and j, the total cross-Kerr Hamiltonian reads :

N M M
A fulRWA j le ot 1) At a At a
HerossKerr Z Z Z ) a;aj + Xl(] )LZZ- a;a;aj, (2.66)
n=1i=1j=1
i

where the cross-Kerr coupling between mode i and j due to junction n are
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E; /27m\4 C2
n_ _ TS (20 —1\2 (p—1\2 7 22
Xy =—— (q,o) PP Y e R B2 (2.67)

Then, the total cross-Kerr coefficient between the 2 modes is obtained by sum-

ming over the ports:
N
Xij = ) X (2.68)
n=1

We have obtained an analytical expression for x;;, which is the crosstalk between
the two qubits associated with mode i and j discussed in Sec. 1.2. In the 4th order

full RWA approximation, the diagonal Hamiltonian is given by :

M M

~(4 sta | Ok atata a A Ata

Hf(ul)le\,A =) [Qka};ak + Ea;ﬁa;akak + Zxkja,taka}aj} , (2.69)
k=1

where () is the renormalized frequency of mode k given by:

1 M

O = wi + o + 5 ZXk]" (2.70)
=1
j#k
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2.3 Theory of the CPHASE

A two-qubit gate that is commonly used to form the universal set of gates is the conditional-

1 0
phase gate, also known as a CPHASE or CZ gate. It applies a Z = 0 1 gate on

the target qubit if the control qubit is in state |1) [18]. A CPHASE gate is described by
the unitary operator

100 0
010 0

U = 2.71

CPHASE 00 1 0 ( )
000 —1

For concreteness, we consider a high frequency and a medium frequency transmon
qubit, denoted by Qy and Qs respectively, in the DiCarlo architecture [5]. As these
transmons are capacitively shunted SQUID loops, introduced in Subsec. 2.1.3, their fre-
quency can be controlled by means of an external flux pulse, ®$'(t). A CPHASE gate
between these qubits is implemented by tuning in and out of resonance an interaction
in the second-excitation manifold between the states |0y2y) and |[1p1x) [30]. In other
words, an external flux pulse, ®$}(¢), is applied to the high frequency qubit in order
to lower its Josephson energy, and thus also its frequency wy, until the point where an
avoided crossing between the states |0p;2y) and |1p1x) occurs [11]. An example of the
CPHASE operating point is shown in Figs. 2.3.1a and 2.3.1b, considering a system of
two capacitively coupled transmons. As the |0)2p) state is not part of the computa-
tional subspace, we want to avoid any energy transfer to this state at the end of the gate.
This is typically done using a special pulse-shape known as a fast-adiabatic pulse that
minimizes the leakage as presented in [31]. We would like to point out that from now
on, the basis notation without subscript, |ij), denotes the basis |ijpjr) and that when
we use phase instead of flux variables, the external pulse applied to Qp is denoted by
P55t (t) = (27 - DY(t)) / Dy where Dy is the superconducting flux quantum, instead of
O (t). The parking frequency is chosen at a flux sweet spot, 1.e. at a point where the

tirst derivative of the Josephson junctions with respect to the external flux is zero:
OF) (P
———i— = 0. (2.72)
It

We make the assumption that the sweet spot is located at ®$* = 0, though experimen-
tally there might be an offset [11]. This is equivalent to assuming that the Josephson
energies of the two junctions in the SQUID loop, discussed in Subsec. 2.1.3, are equal.
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Figure 2.3.1: a) Energy levels of a two-capacitively coupled transmons as a function of
@$5t(t)/27. The arrows indicate the points where the avoided crossing associate with CPHASE
and iSWAP take place. The iSWAP is a two-qubit gate implemented by tuning the qubits in
resonance in order to use the |01)-|10) avoided crossing [32]. b) Zoom on the avoided crossing
region for the CPHASE gate.

The CPHASE gate is realized in two steps for a total duration of T = Trg + Tip.

1. During the first step, ®$(t) is applied to Qp for a duration of T,q. It brings |11)
to the avoided crossing with |02), at @%g, and back to acquire a conditional phase.

The corresponding unitary evolution is denoted by U,g. We take out the global

phase and define
1 0 0 0
0 efo 0 0
Uy = 0 0 ePu 0 ’ (2.73)
0 0 0 eFfn

where B;; denote the phases acquired by the states |ij) during T>o. The conditional
phase is given by ¢»o = B11 — B1o — Po1-

2. The phases B;; are used in the second step in order to define the single-qubit ro-
tation corrections R,(—pBo1) ® I and I ® R,(—p10), where I is the identity on the
other qubit [30]. We recover the CPHASE gate from Eq. (2.71) if the conditional
phase ¢»q is an odd multiple of 7.

The total simulation implements the operator Usim, defined as the product:
Usim = (Rz(—Bo1) @) (I® R, (—p10) ) Uao. (2.74)
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We introduce the adiabatic conditional phase as

T
30 = /0 2rt(En(t) — Eo1(t) — Eno(t))dt, (2.75)

assuming the lowest energy level to satisfy Ego(t) = 0. The 271 comes from the fact that
the energy levels are expressed in units of h. In the case of adiabatic evolution, it holds
that ¢§dQ = B11 — P10 — Poi. We further give the cross-Kerr coefficient in terms of the
energy level as

X(®F () = En(PF (1) — Eor (PR () — Exo (PR (1)) (2.76)

In the case of adiabatic evolution it turns out that

T
93 = /0 270 (®SK(H)) . 2.77)

This means that the cross-Kerr as defined in Eq. (2.76) causes the conditional phase to

be acquired in the adiabatic case.

2.3.1 Adiabatic vs Diabatic pulsing

Let us introduce two basis involved while pulsing from zero to the avoided crossing.
Firstly there is the eigenmode basis at zero flux, { |ij),}, which results from diagonaliz-
ing the linear part of the Hamiltonian when ®$*(t) = 0, see Subsec. 2.2.1. This is the
computational basis in which the states are initialized in the simulations. Secondly, di-

agonalization of the full Hamiltonian while the external flux, ®$!(t), is changed leads

for each time ¢ to the instantaneous eigenstates basis, { |ij)(t)} associated with the en-

ergy levels.
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Figure 2.3.2: Two ways of driving a CPHASE: Adiabatically or Diabatically. Figs. a) and b)
show, respectively, the adiabatic and diabatic evolution of a state initialized in |11), in a two-
level Bloch sphere representation. The green arrows represent the axis parallel to the instanta-
neous eigenstates. In Fig. a), the state gradually evolves from the pole, in |11), to the equatorial
plane and back to the pole, following the green arrow. On the trajectory, the state also makes
some small rotations around the green arrow cancelled by time-averaging (not shown) [33]. Fig.
b) depicts the diabatic evolution of |11),, which rotates (blue dots) around the green arrow in
the equatorial plan. It rotates at the Rabi frequency given by AE (in units of h) [33]. Fig. ¢)
shows the adiabatic evolution of |11), remaining on the instantaneous |1N1) (t), while the dia-
batic evolution in Fig. d) involves a quick change (a ‘jump’) of the instantaneous eigenstates.
In this basis, a state initialized in |11), reads ocﬁ(tj) |1N1> () + zx0~2(t]-) |0N2> (f) just after the jump
of the eigenstates. The state indicated with the black dot corresponds to the ideal for which it
holds that Déﬁ(l’j) = oc0~2(tj) =1/v2.

Adiabatic and diabatic regime in a CPHASE context are easily understood by con-
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sidering the evolution of a state intitialized in |(t =0)) = |11),. In an approxi-

mate two-state picture, the state |(¢)) can be projected and expanded on the subspace

spanned by { |11)(¢t), |02)(t)}, for each time ¢, as:
$(0) = a5 (DI1)(0) + a5, (1]02) (1) @78)

Then the instantaneous probability of leakage to |02)(t) is given by

Py (t) = lag (1) (2.79)

Now, depending on the pulse shape the evolution will be completely different as it
ranges between adiabatic and diabatic regimes. In an adiabatic scenario, the pulse
is varied so slowly ! that it enables the initial state |¢(t = 0)) = |11), to follow the

instantaneous eigenstate ]1Nl> (t) without overlapping with \0N2> (t). Therefore, perfect
adiabaticity is realized if and only if p0~2(t) = 0 for the whole duration of the pulse.
Such evolution is depicted in Fig. 2.3.2c by the black arrow. The green arrows on Fig.
2.3.2a and 2.3.2b represent the axis parallel to the instantaneous eigenstates. Varying
the pulse amplitude changes the axis location. The diabatic regime is obtained in the
opposite limit, 1.e., by strongly and quickly pulsing to the avoided crossing point. The
instantaneous eigenstates are brutally modified jumping from the poles into the equa-
torial plane. Now, the intial |11), just after the ‘jump’, at tj, is expressed as a linear

superposition in the basis of the new instantaneous eigenstates and reads as follows:

[(6)) = = ()11 (6) + g (5)]02)(8). (2.80)

The values of the coefficients depend on the pulse shape. The point in between the en-
ergy levels in Fig. 2.3.2d corresponds to the ideal case when & () = a0~2(tj) =1/V2.
The arrow in Fig. 2.3.2b lies on the equatorial plane, therefore the instantaneous eigen-
states at the avoided-crossing are the symmetric and anti-symmetric equal superposi-

tion :

Ty 1o +102),
02) = |11>0\;§’02>0’ 2:81)

IThe slow variation of the pulse should ensure that the commonly used approximate adiabatic crite-

rion: ¥y "?é"’_"; "TZ‘ < 1is satisfied [34].
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In this Bloch sphere representation, a state under a diabatic evolution rotates around
the instantaneous eigenstates (direction pointed by the green arrow) at frequency AE
[33]. Consequently, if the arrow of a diabatic pulse is a bit above/below the equatorial
plane, the Rabi oscillation (from a state initialized in |11),, for example) will not perform
a full 27t rotation between the states |11), and |02),,. The duration required for the state
|11), in order to perform a complete Rabi oscillation between |11), and |02), is given

by [30]: 1

AEuc

Here we give the size of the gap at the avoided crossing, AEsc = Egp(PGE) — E11(PSE),

Trabi = (2.82)

in units of h. If we choose Trg = TRrapi, then the leakage out of the computational basis
is minimized and the overall controlled phase picked up by |11), is ¢oo ~ 7 [30], [35].
For a diabatic pulse, the fidelity relies on the matching between Tgr,,; and the duration
resulting in ¢po = 7. In conclusion, the speed of the CPHASE gate is set by the size
of the gap at the avoided crossing in the case of diabatic pulse. The same limit is also
true for adiabatic pulse. However, we argue that with a diabatic pulse the external
flux is slowly applied to Qp, in other words the system is slowly placed at the avoided
crossing, so that it spends less time sitting at this point. Then, the size of the gap at the
avoided crossing matters less than with a diabatic pulse. We stress that a CPHASE gate
can be operated at any point where the cross-kerr interaction is non-zero. Nevertheless,
the speed performance of the gate is higher if the external flux is placed at the avoided

crossing point.

2.3.2 CPHASE simulation

The simulations are done in the eigenmode basis at zero flux which results from diag-
onalizing the linear part of the Hamiltonian when ®$}*(t) = 0, see Subsec. 2.2.1. This
means that the computational basis is formed by the first four eigenstates of the lin-
ear part of the Hamiltonian at zero flux, denoted by { |00),,]10),,[01),,[11), } %. The
Hamiltonian implemented is derived with the eigenmode approach keeping the non-
linearity up to 6th order, H(®), without applying the RWA approximation, see Sec. 2.2.2.
We work in the Schrodinger picture with a time-dependant Hamiltonian. The approach
followed in the simulations and a clarification about what terms drive effectively the

CPHASE gate in the eigenmode approach are presented in Appendix A. We point out

2Notice that this is also the eigenbasis at zero flux within the full RWA approximation.
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that the circuit used in the simulations is presented in Subsec. 3.1, where we also derive

the Hamiltonian of the circuit with the eigenmode approach.

CPHASE fidelity and code implementation

Following the definition in [36] and [35], the fidelity of a simulation implementing Us;m,
see Eq. (2.74), which aims at reproducing the ideal unitary operator Ucppasg, see Eq.
(2.71), is defined as follows :

1 2
S = P | Tt (Upriase Usim) | (2.83)

where 1 denotes the dimension of the Hilbert space, which is equal to four in the context
of two-qubit gate. The simulations are run in a larger Hilbert space and only when
we compute the fidelity, the evolution operator is projected onto the computational
subspace. It is denoted by Usin,. If leakage out of the computational basis occurs, Ugim
is not perfectly unitary, and leakage is detected as missing probability [35]. The matrix
elements of Uy from Eq. (2.74) in the zero flux basis are :

(ijloUxqlkl)y - (2.84)

Here |ij), and |kI), both run on the four computational basis states {|00), [10),, |01),,
|11),}. Therefore, in order to assemble Uyq, the four computational basis states are
sequentially simulated. Each time, the overlap between the final state, U,q |k),, and
the four computational states are computed. Additionally, we use the phases of the
final states to define single-qubit rotations. After these steps, we obtain the fidelity of
Usim. We denote the probability of the state that evolves ,|i(t)), to be found in the state
|ij), at time t as :

Pyj(t) = |a ()] (2.85)

These probabilities evaluated at the end of the CPHASE gate quantify the leakage out
of the computational basis. Note that no noise is implemented as we aim to verify
whether simulations using the eigenmode approach can be used to accurately model
the CPHASE gate. We also keep track over time of the instantaneous probability of
leakage on the states \17 ) (£), which are out of the computational basis, and denote these
probabilities by p:}(t) We are especially interested in p . (t) asitis provides information
about the regime we are working in, see Subsec. 2.3.1. Roughly it is a measure of "how
much adiabatic or diabatic" the evolution under a given pulse is. Finally, the fidelity in

Eq. (2.83) is optimized by varying the pulse parameters 7; and mainly 1, see Fig. 2.3.3.
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Figure 2.3.3: External pulse applied to Qp in order to induce |11),-|02), avoided crossing.

The function associated with the external phase applied to Qp is :

(Pixé/z.(l_cos(%:)> if0<t<1tR
P (t) = Pk fmrR<t<wm+T7 (2.86)
@5/2- (14 cos(ME)) if T St < 2w+

TR

Here 1 is the time during which the pulse moves from the parking frequency to
the operating point of the CPHASE gate, ¢%&. It corresponds to the avoided crossing
point between |11), and |02),. The pulse stays at ¢ during 7; and then moves back
to the parking frequency during tz.
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Chapter 3
Two transmon qubits

In this chapter we start by analyzing a system of two transmons capacitively coupled in
Subsec. 3.1. More specifically, we compare the exact solution, in the Cooper-pair basis,
with the different approximations from the eigenmode approach, presented in Subsec.
2.2.2. This analysis allows us to validate which approximations are accurate as well
as to propose a model for CPHASE simulation in presence of ZZ crosstalk in Subsecs.
3.1.3 and 3.1.4, respectively. Subsequently, CPHASE simulations without crosstalk are
carried out in Subsec. 3.2 and finally, we question in Subsec. 3.3 whether the CPHASE
simulations with the two capacitively coupled transmons considered in Subsec. 3.2

would be significantly modified for a system of two transmons coupled via a resonator.

3.1 Two capacitively coupled transmons analysis

C.,
| 1
11

4

E:: V‘j 1 v+
EJMX (I)P.]\[— PpH )( Ej, (®5")

- .

Figure 3.1.1: Circuit of two capacitively coupled transmons. The fluxes across the transmons
are denoted with ®pys and ®ppy. The transmon on the left (right) is associated with the medium
(high) frequency qubit Qps (Qn) in the CPHASE gate. The Josephson junction of the high fre-
quency qubit is tunable by means of an external flux and is indicated by Ej,, (®$}).
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We would like to apply the eigenmode approach, derived in Subsec. 2.2.1, on the circuit
of two capacitively coupled transmons depicted in Fig. 3.1.1. The latter is characterized

by the capacitance matrix

C C —C
c— MT& ), (3.1)
_Cc CH ‘|’Cc

where C; with i = M, H are the capacitances of the shunting transmons and C. is the

coupling capacitance. The inverse of the charging energy matrix is given by
E;'l==cC. (3.2)

We assume that the qubit with the highest frequency, Qp, is tunable by means of an
external flux, ®$(t). The subscript H is used here in order to have the same notation
as in the CPHASE analysis. The Josephson junction in Fig. 3.1.1 is replaced by a SQUID
loop as explained in Subsec. 2.1.3. The inductances of the transmons are given by Ly

and Ly (®$), respectively. We define the inverse of the inductance matrix as

Lyt 0
L' =™ (3.3)
0 Ly (®F)
and the inductance energy matrix as
h? E 0
EL= fgal = < ” oxt > : (34)
en 0 Ep(®FY)

The fluxes across the Josephson junctions at the ports are independent flux variables
and we gather them into the vector ®py = {®pp, Ppr}T. Then the Lagrangian of the
circuit in Fig. 3.1.1 is

1T < 2 2
L = -®pCPp; + Ej,, cos —HQDPM + E]H(QJ??) cos j@pH . (3.5)
2 D b

In terms of phase variables the Lagrangian can be rewritten as

182 q)Z 2T 1+ H
= 557(27.[0)24’1’151: 19”1)1 + Z Ejn cos(@pn)
n=M
2 o (3.6)
= E‘?’PIE;1‘PPI+ Z Ejn cos(@pn).
=M

n
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In order to derive the Hamiltonian, we introduce the vector of canonical conjugate vari-
ables and directly divide it by 7 as follows:

1dL h .
fipr = ——— = —E- g 3.7
npy 7 i g e Pp1 (3.7)

These variables are the number of Cooper-pairs. We perform the Legendre transforma-
tion and obtain the Hamiltonian
T

N dr - - - e ~
"= <> @p; — L = 8tipEcitpy — 4iipy (Ec)TE; 'E.iip —

H
- Z Ejncos(ppn). (3.8)
dep, =M

n
The energy capacitance matrix is symmetric and thus

H

H = 4iipEctipr — Y Ejycos(gpn). (3.9)
n=M

The variables are promoted to quantum operators by imposing the canonical quantiza-

tion. If we express the capacitance energy matrix, defined as the inverse of the matrix

in Eq. (3.2), as
Eoy o
Ec=| g K (3.10)

2 CH

then the Hamiltonian is
H = AE,, %y + 4Ec, fipy + AErApmfipy — Ejy, cos(@pam) — Ej, (@) cos(Ppp). (3.11)

3.1.1 Exact solution

The Hamiltonian in Eq. 3.11, can be directly diagonalized in the Cooper-pair basis
denoted with {|npm) ® |npu)} = {|npmnpn) }- Indeed, proceeding similarly to what
was done for the Cooper-Pair Box system in Sec. 2.1.2, the Hamiltonian of the two

capacitively coupled transmons reads:

A=y %

2 2
<4ECM nPM + 4EcH nPH + 4EI”PM”PH> \anan> <nPMnPH’
npy=—00 Hpg=—

_E% ( Inpm) (npm + 1| + |npm + 1) <nPMy> ® <ynPH> <nPH|> (3.12)

_ Epy ((D%)((t)

5 (|1’lpM> <1’lpM‘) X (’YlpH> <1’lpH + 1| + |TZPH—|— 1> <an]).
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3.1.2 Eigenmode approach applied

We now apply the eigenmode approach at the Lagrangian level. The Lagrangian in Eq.
(3.6) is split into a linear and a non-linear part by expansion of the Josephson cosine
potential as follows :
hz T 1+ 1 ~T ~ H 1 ~T ~
L= E(PPIEC Pre1 — E(PPIELQ"PI + n;:w Eju cos(@pn) + E(PPIEL(PPI (3.13)
= Liin + Lnonlin

Taking the Euler-Lagrange equations on the linear Lagrangian in Eq. (3.13), we end
up with the eigenvalue problem consisting in diagonalizing the matrix (E; 'EZ1) ™1 =
E.E;. This problem is equivalent to diagonalizing the (LC) ~! matrix presented in Sub-
sec. 2.2.1. Thus, proceeding similarly, an effective inverse charging energy matrix,

which is diagonal, is obtained :
_ _ 1y Ecteff 0
Eclelff: (PHTES P 1= ¢ e (3.14)
0 EcZ,eff

The linear Lagrangian in terms of the eigenmodes is

2
Liin = i f - L A2 (3.15)
=1 16Eck eff 2E i eff

Here the AZ with k = 1,2 are the eigenvalues of the E.Er matrix. We apply canoni-
cal quantization by promoting the variables to operators. As expected, the resulting

Hamiltonian is the sum of two uncoupled harmonic oscillators:

- 2 ) 1 .
Hip = k; 4E ety + m)\%(pi (3.16)
Finally, the operators can be expressed in terms of their annihilation and creation oper-
ators as
A 2 o i At L4 At 14
k= (?) (8 + ax) = @zpec (@] + dr)
‘ , o1 (3.17)
iy = %(%ﬁﬁ) (@) —ac) =i nzpre(af — ).
Here ¢zprr and nyzpp, denote the zero-point fluctuations of the phase and of the num-
ber of Cooper-pairs (of mode k), respectively [24]. When a quantum oscillator is in the
ground state, its energy cannot be zero due to the uncertainty principle. The quan-

tum ground uncertainties of the phase and of the Cooper-pair number are given by
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@zpr = (0] $*|0) and nzpr = (0| 4% |0) [24]. We point out that if ®E(t) is modified
the eigenmode approach can be applied at each value of ®$}*(t). Then, at the classical
level, the matrix P(P%)") and the frequencies of the normal modes, Ax(D%}'), become
flux-dependant. So are the operators at the quantum level, r.e. @(P$S"), 71 (P$") and
Ak (%) for k = 1,2. In this case, the linear Hamiltonian in Eq. (3.16) reads:

1
Hiin = 2 \/8AZ (DY) < (PF)ar(PF') + 2> (3.18)

We remark that instead of applying the eigenmode at each value of ®$'(t), we can look
at the coupling induced by the tuning of ®$(¢) from the perspective of the normal
modes at zero flux, 1.e. the modes associated with ﬁk(cb‘;}‘t = 0). In this case, there is a
linear coupling induced between the normal modes as presented in Appendix A (see
Eq. (A.6)).

The eigenmode approach approximations introduced in Subsec. 2.2.2 are applicable
to the circuit of two capacitively coupled transmons. Therefore, in what follows, we

only provide the 4th order full RWA explicit analytical formulas for:

e The anharmonicity of mode k due to junction n, withn = M, H,

EACS

5nk(q)?-}(t) = 8

(P%Pa (D) (P (PFY). (3.19)

e The cross-Kerr coupling between the two modes due to junction n defined as

E : (q)ext) B _
K@) = — == T (P 5 (FY) (P (95 93 pr, (PR @hp, (VFF)-
(3.20)
e Finally, omitting the dependency on ®%}!, the diagonal Hamiltonian is
y(4) 2 t 5 at ta ot
He rwa = Y Qidfay t5 atataay + xalaiaa,. (3.21)
k=

The total anharmonicities and cross-Kerr coupling are obtained by summing over

the two Josephson junctions # as follows:

H

S (@F) = ) ou(DF), (3.22a)
n=M
H

x(@F) = Y x"(®F). (3.22b)
n=M
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The qubit frequencies are
1
(D) = wp(@FY) + 5(OF) + 5 x(P5). (3:220

Again, it holds that, with the 4th full RWA approximation, the front coefficient in
X(DF (1) a7 (DF)ar (PF) a3 (PF") a2 (D), (3.23)

is given by
X(®F(H) = En(@F (1) — Eor (PR () — Exo(PF' (1)) (3.24)

3.1.3 Validation of the approximations

In this section we evaluate the accuracy of the previous approximations, in particular
in the context of a CPHASE simulation. To validate the approximations we focus on
the circuit of two capacitively coupled transmons by comparing the results with the
exact solution in the Cooper-pair basis. We stress that in the “exact solution” we cut the
number of Cooper-pair states (approximations in Egs. (2.9) and (2.10)). On the contrary,
in the eigenmode approach we work in the basis of harmonic oscillators. Thus, we
cut the number of Fock states of the Hilbert space that we consider. As presented in
Sec. 2.3, a CPHASE gate is realized by applying an external flux on the qubit with the
highest frequency in order to bring the system at the operating point, 1.e., at the avoided
crossing between the states |11) and |02). For CPHASE simulations there are mainly
three quantities which needs to be accurate :

1. The position of the avoided crossing ¢5¢ = (2m®GL) /Dy,
2. The size of the gap at the avoided crossing, AEsc = Ep(¢5¢) — E11(95%),

3. And the cross-Kerr coefficient as a function of the external phase x(¢$'(t)) =
En(eg*(t)) — En (@ (1)) — Ewo(9g (1)

For concreteness let us take back the high and medium frequency transmon in the
surface code architecture [5], whose associated eigenmodes are denoted by Qn and
Qu respectively. The transmons are chosen to have frequencies wy/2m = 6.7 GHz,
wpm/2m = 6.0GHz. In addition, we choose equal shunting capacitances Cy = Cp =
77.10 fF and coupling capacitance C, = 0.39 fF. From now on, we give the energy levels,

the charging energy and the Josephson energy in units of h, 1.e. they are expressed in
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Hz. Then, this choice gives E.,, = E.,, = 250MHz and E; = 2.5 MHz. The Josephson
energies (at zero external flux) are Ej,, = 22.45GHz and Ej,, = 18.00 GHz.

Linear
14 T 14
02 :
: 02)
11 i
12 ; 12 D /
20 \ 11)
1 : 1
N i N 20)
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& &
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5 . 5
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Figure 3.1.2: Energy levels of two transmons capacitively coupled as a function of the external
ext

pulse applied to the high frequency qubit Qy: ¢f'/27. Fig. a) corresponds to the energy
levels of the linear circuit. There is only one point (grey dashed vertical line) where the avoided
crossing happens. On the contrary, the energy levels obtained with the exact solution in Fig. b)
show a splitting of the avoided crossing into three points. The arrows indicate the points where
the avoided crossings associated with the CPHASE and iSWAP gates take place.

The energy levels in Fig. 3.1.2b are obtained from diagonalization of the ‘exact so-
lution” in the Cooper-pair basis. In addition to showing the CPHASE avoided crossing,
it also indicates the point where the iSWAP gate works, 1.e., at the avoided crossing
between |01) and |10) [18]. We will now study how the different approximations affect
the energy levels, and in particular in which way they influence the optimal implemen-
tation of the CPHASE gate.

We begin our analysis by considering the linear Hamiltonian Hy;, in Eq. (3.18), thus
neglecting the non-linearity. The study of the spectrum of Hy;,,, although not interesting
from a quantum mechanical point of view, allows to understand, by comparison, in
which way the addition of the non-linearity to the Hamiltonian modifies the spectrum,
allowing for the possible implementation of CPHASE and iSWAP. The energy levels of
i, as a function of the external phase applied to the high frequency qubit is shown in

Fig. 3.1.2a. Comparing with Fig. 3.1.2b we make the following observations.

e In the linear case there is only one point (grey dashed vertical line) where the

avoided crossing happens, see Fig. 3.1.2a. This point corresponds to the point
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where the classical frequencies of the coupled modes are equal. We refer to this

point as the classical avoided crossing.

e Considering the first six energy levels the addition of the non-linearity splits the
classical avoided crossing into three different avoided crossings as depicted in
Fig. 3.1.2b:

1. the avoided crossing associated with the iSWAP;
2. the avoided crossing associated with the CPHASE;

3. athird avoided crossing at higher external fluxes;

e The iSWAP avoided crossing is the one associated with the classical one, and,

apart from small corrections, it takes place at the same point.

We do not plot the whole spectrum for each approximation, as the only range where
there is a significant change between them is at the CPHASE avoided crossing point.
In Fig. 3.1.4 we show how the different approximations recover the energy levels close
to the avoided crossing and what position of the avoided crossing they predict. We see
that the 6th order approximation perfectly recovers the levels and the position of the

avoided crossing, while the one that performs the worst is the 6th order RWA.

(4)
Hiynrwa

/

11.95 ~

11.90

11.85
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i /2m

Figure 3.1.3: Comparison of the energy levels of the exact diagonalization (solid lines) with the
4th order full RWA (dashed lines).
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Figure 3.1.4: Comparison of the energy levels of the exact diagonalization (solid lines) with the
4th and 6th order approximations, and their respective RWA (dashed lines). The solid vertical
line indicates the position of the exact avoided crossing, while the dashed gray line denotes the

position of the avoided crossing predicted by the respective approximation.

In Fig. 3.1.3 we also show the comparison of the exact energy levels with 4th or-
der full RWA approximation. We see that while the position of the avoided crossing is
recovered with decent accuracy, there is a striking difference of this approximation in
comparison with all those in Fig. 3.1.4. The size of the avoided crossing is completely
underestimated. This tells us that the terms neglected in the full RWA approximation,
but not in the RWA, play a fundamental role in determining the size of the avoided
crossing. An example of a term neglected by the full RWA but not by the RWA approx-
imation is a1 (P a1 (PGY)ay (D)oL (DY) as it preserves the total number of excita-

tions but not for each mode. We conclude that these terms must be taken into account
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when modelling the CPHASE gate if we want an accurate prediction of the size of the
avoided crossing. An interesting question is to understand how using the predictions
of a certain approximation influences the performances of the CPHASE gate in terms
of fidelity.

As discussed in Subsec. 2.3.1, the speed of the CPHASE gate is set by the size
of the gap, AEsc. Thus, we need to accurately predict the energy gap. We insert in
Trabi = 1/AE sc the values of AE 4¢ in Table 3.1.1, obtained from the spectrum of the
different approximations, and estimate the duration of the gate. With each approxima-
tion, except with A f(jl)lRW - the duration is around Trap; ~ 25 ns. We conclude that it is
possible to simulate a CPHASE gate lasting around 25 ns (with our diabatic pulse), with
any of the following approximations : H(®), I:II(Q%A, A® and I:II(Q%A. Only Hf(jl)lRWA can
not be used for realistic simulations of the CPHASE gate as it underestimates the size
of the gap at the avoided crossing. By realistic we mean that it should reproduce a gate
time of the same magnitude as we would obtain with the exact solution. This result
means that, in the eigenmode approach, the coupling which drives the CPHASE gate
is captured by the RWA approximations. The difference between the approximations is
that the CPHASE gate should be placed at the avoided crossing point predicted by the
specific approximation and given in Table 3.1.1. For example, H® should not perform
significantly worse (in terms of fidelity and total duration) if placed at 9%/ (271)=0.153
rad as H(®) when the latter is placed at @5/ (2m) = 0.159 rad. It would take longer as
AE 5c obtained with the 4th order approximation is lower than the one obtained with
the 6th approximation and the leakage might be slightly different, but it would still be
possible to simulate a CPHASE gate with this approximation. This is especially true
in the case of a diabatic pulse. The exact solution predicts ¢$& /271 = 0.159 rad. We
see in Table 3.1.1 that if an accurate prediction of the position of the avoided crossing
is needed then at least the full 6th order is needed. Fig. 3.1.6 provides a comparison
between the points at which the CPHASE avoided crossing is predicted by the different
approximation.

The 6th order approximation predicts that, at the avoided crossing, the cross-Kerr
is worth |xac| = 19.4 MHz and that AE o¢ /2= 20.3 MHz. The exact solution gives |x ac|

=20.16 MHz and AE 4 /2= 20.25 MHz. Thus we observe that the relation

AE
ZAC ~ |xacl = [En(95¢) — En(95¢8) — E1o(958)] (3.25)

holds up to 4% with the approximation at 6th order and up to 0.4% with the exact
solution. We conclude from the relation in Eq. (3.25) that the speed of the CPHASE gate
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Exact | A% Hf{t)vA Hf(jl)lRWA A© Hl(?(\)/zlA
P8 /21 0.159 | 0.153 | 0.164 0.165 | 0.159 | 0.168

AEsc [MHz] | 40.5 | 405 | 407 1.6 40.6 | 40.7
|xac|[MHz] | 20.16 | 19.6 | 19.2 3.0 194 | 20.2

|xo| [MHz] 0.6 0.7 0.5 0.5 0.6 0.5
Table 3.1.1: Predictions of the position and of the magnitude of the CPHASE avoided crossing

for the exact diagonalization and the different approximations. The cross-Kerr coefficient at the

avoided crossing and at the parking frequency are also reported. They are denoted with x 4c
and o, respectively.

realized with a diabatic pulse, is limited by the cross-Kerr at the avoided crossing. We
emphasize the definition of x 4c in terms of the energy levels in Eq. (3.25).

At this point it is important to understand in which regime the 4th order full RWA
approximation can be used and which parameters it can accurately predict. In archi-
tectures such as the ones used for the Surface-7 or Surface-17 [5] we are also interested
in determining the value of the ZZ, 1.e., cross-Kerr couplings when the qubits are at
their parking frequency. In this case nearest-neighbour qubits as Qg and Qs would
be sufficiently detuned from each other, and so we expect the full RWA to work in this
case. This is confirmed in Fig. 3.1.5 which compares the full RWA with exact cross-Kerr
between the 2 qubit modes, o, and in the Table 3.1.1. Indeed, at zero flux (qubits far-
detuned), the values agree with an accuracy of 10%. While the full RWA approximation

fails when the qubits approach resonance, which is visible on the right in Fig. 3.1.5.

46



—— exact
4-th full rwa

0.00 0.02 0.04 0.06 0.08 010 012 014 0.16

ey /2m

Figure 3.1.5: Comparison of the cross-Kerr for the exact solution and the 4th order full RWA.
We observe that the 4th full RWA is a good approximation at parking frequencies, that is when
@55t = 0. While the 4th full RWA approximation fails when Qp and Qj are in resonance, that

is at L.
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Figure 3.1.6: Comparison between the exact and the different eigenmodes approximations at
the CPHASE avoided crossing. The figure plots the values (Ep; + E11)/2 at this point.

In summary, the prediction about how long and at which point the CPHASE gate
takes place is modified in two ways by the choice of a specific approximation. Indeed,
the estimations of the Rabi frequency, AE4c, and of the point at which the avoided
crossing is predicted, ¢p%{, depend on the approximation. We have shown that H(©)
predicts accurately ¢t and the energy level differences, while H f(jl)lRWA gives a good
estimation of the cross-Kerr (error of 10%), when the qubits are detuned. The latter
could thus be used to characterize crosstalk between neighbouring qubits when they

are at their parking frequency.
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3.1.4 CPHASE model proposal

The ultimate goal is to provide an accurate CPHASE analysis, in presence of ZZ crosstalk
in a ’scalable way’. Now, based on the conclusions drawn in the previous section, we

make a proposal for a CPHASE model in which the interactions between :

1. The two-interacting qubits is described using the 6th order approximation, H(®),

or a higher order approximation.

2. The crosstalk from neighbouring qubits would be described in the 4th full RWA

(4)

approximation, that is with F; ... This approximation can be used because the

fu

neighbouring qubits are off-resonant with the two qubits involved in the CPHASE
gate.

For example, a CPHASE gate between the qubits D, and X on the Surface-7 layout
could be simulated modeling the crosstalk from neighbouring qubits D, D3, Dy, Z;
and Z, on X and D, with I:If(jl)lRWA, as is depicted in Fig. 3.1.7.

The advantage of this approximation is that we have an analytical expression for the

(4)

diagonal Hamiltonian H irwa- Thus, no further diagonalization in the Hilbert space is

fu
involved. It is in that sense that this approach can be seen as a scalable implementation

of ZZ crosstalk.

Z1

Figure 3.1.7: Example of CPHASE model with crosstalk for Qubit D and X : the interaction
between qubits D, and X, involved in the CPHASE gate, is simulated using H(®). In contrast,
the crosstalk from neighbouring qubits Dy, D3, D4, Z1 and Z; on X and D; which is included

0 y(4)
using the Hg jjewa-
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3.2 CPHASE simulation without crosstalk

In this subsection, CPHASE gate simulations without crosstalk are carried out using the
two capacitively coupled transmons and the eigenmode approach. We compute the fi-
delities of the CPHASE gate under a diabatic pulse. The theory about the CPHASE gate
and the implementation used in these simulations are presented in Sec. 2.3. The Hamil-
tonian we consider is the 6th order Taylor expansion approximation, H(®), introduced
in Subsec. 2.2.2. The computational basis is the eigenmode basis at zero flux, { |ij),},
which results from diagonalizing the linear part of the Hamiltonian when ®$*(t) = 0,
see Subsec. 2.2.1. We also simulate the CPHASE gate using the Hamiltonian of the
two capacitively coupled transmons expressed in the Cooper-pair basis in Eq. (3.12).
This allows us to compare the performances of the CPHASE gate in terms of fidelity

obtained with the eigenmode method and in the Cooper-pair basis.

3.2.1 Simulations

The external pulse that we use is given in Eq. (2.86) and it has three parameters. @S¢

is the operating point of the CPHASE gate. In what follows, the parameter ¢4 is fixed
at 0.15945 x 27t rad. It corresponds to the avoided crossing point between |11), and
|02),. Tr is the time during which the pulse moves from the parking frequency to the
operating point ¢5¢ (and then backwards), while 17 is the time during which the pulse
stays at ¢, In what follows, we focus on the simpler diabatic case since it should cap-
ture the main effects of crosstalk. We fix 7z to 0.6 ns and then maximize the fidelity by
varying 7;. We optimize the pulse with the simulations of the CPHASE gate done with
the 6th order approximation in the eigenmode approach, H(®). We obtain the optimal
parameter 1; = 25.15 ns. Then, we simulate the CPHASE gate with the Hamiltonian
in Eq. (3.12), expressed in the Cooper-pair basis, and we use the pulse with the same
parameters as done with H(®). The computational basis, in this case, is spanned by the
four states with lowest energy obtained by diagonalizing the Hamiltonian in Eq. (3.12).
For simplicity, we denote the computational states associated with the “exact solution’
in the Cooper-pair basis with { |ij)} where i and j run from 0 to 1. Finally, we compare
the fidelities and conditional phases obtained with the simulations done in the differ-
ent basis. We point out that optimization was not the main target of this thesis. We
include 9 Fock states per qubit in the simulations with H®) and 31 Cooper-pair states

in the simulations with the exact solution. The computational states can interact with
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these levels during the simulations and are then projected in the computational basis
as explained in Subsec. 2.3.2. The simulations in this subsection are diabatic and it is

confirmed by plotting p0~2(t), Le. the probability of a state to overlap with the instanta-

neous eigenstate |02) (f). As discussed in Subsec. 2.3.1, Ps (t) is an indicator about how
much adiabatic or diabatic the evolution is. Diabatic evolutions of the CPHASE gate
involve Rabi oscillation in the computational basis between the states |11), and |02),,
(|11) and |02) with the exact solution). Figs. 3.2.1 show these Rabi oscillations. In Fig.
3.2.1a we initialize a state in |11), and we use H(®), while in Fig. 3.2.1b we initialize
a state in |11) and we use the Hamiltonian of the exact solution. Fig. 3.2.2 shows the
probability p0~2(t) corresponding to the evolution in Fig. 3.2.1a. In Table 3.2.1 we com-
pare the fidelities and conditional phases obtained with the 6th order approximation
and with the exact solution. In the simulations with the 6th order approximation, we
initialize a state sequentially in the four computational states, 1.e. |ij), (t = 0), and look
at the final probability of leakage out of the computational basis at the end of the gate,
re. at T = Tog + Tig. These values are given in Table 3.2.2.

Fidelity F | ¢»o [rad]
H©® 0.994 3.12
Exact solution 0.997 3.03
Table 3.2.1: Fidelity and associated conditional phase ¢, obtained with the optimized pulse

characterized by the parameters (1r, 17)=(0.6, 25.15) [ns]. We compare simulations done using
the approximate Hamiltonian H(®) in the eigenmode approach with simulations done using the
Hamiltonian of the “exact solution” in Eq. (3.12), 1.e. done in the Cooper-pair basis. The fidelity
in the simulations done with the Cooper-pair basis is 0.3% higher than with H(®), though the
pulse is optimized with A(©). ¢2q is closer to 7t with H (6) and is worth 3.12 rad.

In the simulations using the 6th order approximation, the fidelity F is worth 0.994.
The fidelity in the simulations done with the Cooper-pair basis is 0.3% higher and is
worth 0.997. The definition of fidelity in Eq. (2.83) takes into account both leakage out of
the computational basis at the end of the gate and the phases of the states. Maximizing
the fidelity is thus a trade-off between minimizing the leakage, and having ¢, close
to 77. This explains why the conditional ¢, are not perfectly 7r. They are worth 3.12
in the simulations using the 6th order approximation and 3.03 in the simulations in
the Cooper-pair basis, see Table 3.2.1. The difficulty is to match the parameters of the
pulse such that the duration of the Rabi oscillation of the state |11), to the level |02),,
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and back on |11), coincides with the duration it takes to acquire ¢po = 7. Otherwise
leakage of this state is large. We see in Table 3.2.2 that the probability of leakage of a
state initialized in |11), is worth 0.006. The probability of leakage for the state |00),,
is of the order of 10~* and for |10), and |01), they are worth 0.002. The state |11),
leaks the most out of the computational basis mainly because it is not perfectly back
after the Rabi oscillation with |02),. It may also interact with higher excited states.
The important message is that, though further pulse-shape optimization could result
in higher fidelity, we have verified that it is possible to accurately model the CPHASE
gate using the eigenmode approach. Indeed, the fidelity obtained with the approximate
Hamiltonian F(®) is up to 0.3% in agreement with the simulations done with the exact

solution in the Cooper-pair basis.

0.8

0.2

0.0

1.0+

0.84

0.04

Exact
simulation
in charge
basis

(a)

Figure 3.2.1: Fig. a) shows the evolution of a state initialized in [11), and corresponds to a
simulation done with the 6th order approximation from the eigenmode approach. P; ;(t) are the
probabilities to be found in the state |ij), at time ¢, defined in Eq. (2.85). Fig. b) corresponds
to a simulation in the Cooper-pair basis and shows the evolution of the state |11). The states
perform Rabi oscillations as we use a diabatic pulse, whose parameters are (7, 77)= (0.6, 25.15)

ns.
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Figure 3.2.2: Probability of a state initialized in |11), to overlap with the instantaneous eigen-

state [02)(¢). The simulation is done with the Hamiltonian H(®). As p0~2(t) # 0 for all t, this
means that the simulation is diabatic. This simulation corresponds to the evolution of the state
|11), in Fig. 3.2.1a.

p(T) 0000 | [10)g | [01)g | [11)g
(0.6,25.15) [ns] | 5x10~* | 0.002 | 0.002 | 0.006

Table 3.2.2: Final probabilities of leakage at the end of the gate, 1.e. at T = Too + T1q, of the
four computational states, |ij), (t = 0). The simulations are done using H(®). The state [11),

leaks the most mainly because it is not perfectly back after the Rabi oscillation with |02),,.
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3.3 Analysis of two transmon coupled via a resonator

Figure 3.3.1: Two transmons coupled via a far-detuned resonator of bare frequency wr/(27) =
22 GHz. The two fluxes defined across the Josephson junctions of the transmons at the ports are
denoted with ®pys and $pp, and the flux across the resonator is denoted with ®r. The equal
coupling capacitance C, are worth 3.3 fF.

In this thesis, CPHASE simulations are performed using two transmons which are ca-
pacitively coupled, while generally transmons are coupled via bus resonators as in Fig.
3.3.1. Therefore, we want to determine whether the CPHASE simulations with the two
capacitively coupled transmons considered in Subsec. 3.2 would be significantly mod-
ified for a system of two transmons coupled via a resonator. More precisely, we want
to investigate whether we need to take into account the resonator mode in the simula-
tions or not. We do not expect this to be the case, when the resonator frequency is far
detuned from those of the qubit modes. In order to confirm this intuition, we perform a
test consisting in applying the eigenmode approach to the circuit depicted in Fig. 3.3.1.
This circuit has three independent flux variables: the two fluxes defined across the
Josephson junctions of the transmons at the ports, ®pp; and ®py, and the flux across
the resonator, ®jr. Notice that the flux across the resonator is an internal flux degree of
freedom. We apply the eigenmode approach presented in Subsec. 2.2.1, get the matrix
P~ of size 3x3 and the three eigenmodes ®; with k = 1,2,3. Then, we build two
Hamiltonians using the 6th order approximation, H(®), introduced in Subsec. 2.2.2. In
the first Hamiltonian we keep the resonator mode @3 after applying the eigenmode ap-
proach to the circuit in Fig. 3.3.1. This means that the linear Hamiltonian consists of the
two qubit modes and of the resonator mode and that the non-linearities of the trans-

mons are expressed as a linear combination of the three normal modes, 1.e. ®;, ®; and
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®3. In contrast, in the second Hamiltonian the resonator mode ®j3 is disregarded, 1.e.,
the linear Hamiltonian has two modes and the non-linearities are expressed as a linear
combination of the normal modes associated with the two qubit only, 1.e. ®; and ®;.
Subsequently, we compare the lowest energy levels obtained with these two Hamiltoni-
ans and analyze whether removing the resonator mode affects significantly the energy

levels. More precisely, we compare the energy levels of the following Hamiltonians:

1. The Hamiltonian including the resonator mode, ®3:

H\E\?)th = i wilfy + i Ejn (—qf,’” + @6?,’") (3.26)
k=1 n=M : :
Here
Ppyr = (P )oo®1 + (P01 P2+ (P 1) 02 P3 (3.27)
and
Ppy = (P 1)10®1 + (P 1) 11®2 + (P 1)1Ps. (3.28)

2. The Hamiltonian without the resonator mode (eigenmode @3 is disregarded):

7 (6) 2 At A a @%n q)%n
Hwithout = Z (Ukakﬂk + Z E]n <_ 4! 6' >' (3'29)
k=1 n=M : :
Here
Ppyt = (P )oo®@1 + (P11 2 (3.30)
and
Ppy = (P 1)10P1 + (P )11 D2 (3.31)

We emphasize that in both cases P~ is a 3x3 matrix as it corresponds to the circuit in
Fig. 3.3.1, where there are three independent flux variables. For this analysis, the bare
frequencies are set to wy/(27) = 5.875 GHz, wy /(27) = 6.253 GHz and wg/ (277) = 22
GHz, respectively. The coupling capacitances, indicated in Fig. 3.3.1, are C, = 3.3 {E.
The capacitance of the resonator is set to 100 fF and the capacitances of the transmons
are worth 77.5 fF. The latter correspond to the charging energy E.,= -250 MHz. Thus, in
a first approximation the anharmonicities are § ~ E.,= -250 MHz. Moreover we choose
the inductance of the resonator in order that the resonator has an impedance of 50 ()
and a bare frequency of wr/(27) = 22 GHz. We apply the eigenmode approach, and

the frequencies of the normal modes associated with the qubits and with the resonator
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modes are worth w/(27) = 5.75 GHz, wy/(27) = 6.12 GHz and w3/ (27r) = 21.34
GHz, respectively.

AEqy | AEy1 | AEy | AEy1 | AEy | AEy | AE3
[MHz] | 0.11 | 0.12 | 024 | 0.23 | 0.26 | 0.36 | 0.36

Table 3.3.1: The 6 lowest energy level differences, AE;; = Ef}’ithout — E}}’ith, are obtained by taking
the difference between the energy levels of the qubits after excluding the resonator mode and

the ones obtained keeping the three modes.

We compute the eigenvalues of H (6i)th and A®) and take the difference between

w. without
the lowest energy levels, AE;; = EZ.V]YithOUt — El‘.’].Vith. They are listed in table 3.3.1 and range
from 0.11 to 0.36 MHz, thus proving that the energy levels obtained with and without
the resonator mode, are in good agreement. This implies that, if the system is excited
in a regime involving only the lowest energy levels (applying a signal with frequency
in the qubit range for example), the resonator mode is not essential for CPHASE sim-
ulations and can be removed. We point out that, more generally, the test suggests that
after the applying the classical eigenmode approach on the full system, we can get rid
of the resonator modes even before performing canonical quantization, and still recover
similar behaviour.

We point out that the elimination of some modes in the normal mode approach
does not require any Schrieffer Wolff transformation as the elimination is done at the
classical level. If we consider multi-qubit and multi-resonator systems, the elimination
done with the eigenmode approach is greatly simplified compared to a Schrieffer-Wolff

transformation.
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Chapter 4
Three transmon qubits

In this chapter, we start with CPHASE simulations including crosstalk from a spectator
qubit with a simplified model in Sec. 4.1. In order to go beyond the limits of this model,
CPHASE simulations in presence of crosstalk from a spectator qubit are carried out

more realistically in Sec. 4.2 using a system of three capacitively coupled transmons.

4.1 CPHASE simulation with a simplified model

In this section, a simplified model is used to quantify crosstalk effects on the CPHASE
gate fidelity. Imagine that a third transmon is capacitively connected to one (or both) of
the two capacitively coupled transmons of the circuit introduced in Sec. 3.1. Its main
effect is to shift the frequency of its neighbouring qubit depending on its state. We
insist on the fact that we simulate the circuit of the two transmons capacitively coupled
in Fig. 3.1.1 and artificially add a shift from a potential ‘spectator” qubit, Qs. In order
to keep things simple, we assume that Qs only brings diagonal terms to the linear part
of the Hamiltonian. We further asssume that the cross-Kerr from Qg on Qs and/or on
Qpu, denoted by y, is independent of the external phase applied to Qp. In what follows
the parameter for yx is kept constant and set to 2.6 MHz.
If Qs is in the state |0), the linear Hamiltonian in the basis at zero flux is simply:

Ay = wmdldy + wydlay. (4.1)

When Qg is in state |1), the frequency of the neighbouring qubit(s), to which it is
connected, is shifted by the cross-Kerr value between the modes, x. Different cases are

analyzed. In case a), the spectator qubit is connected to Qps, leading to the Hamiltonian:
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Hg = (wm — x)dylm + wndpip. (4.2)
In case b), it is Qy which undergoes a spectator-state dependent shift of its frequency.
Finally, in case c), both Qp and Qp undergo crosstalk from the spectator Qs. We use
the pulse with the same parameters as in the simulations in Sec. 3.2.

The conditional phase ¢ and the fidelity F associated with these scenarios are
compared to case d), in which the spectator induces no crosstalk on the qubits. They
can be found in Table 4.1.1. The highest fidelity is obtained when there is crosstalk only
on Q1 as ¢y is closer to 7t than in the other scenarios. We should not conclude that this
comes from a physical effect. Most likely this is caused by the fact that ¢, obtained by
optimization and used in order to define the pulse shape, is slightly shifted compared
to the theoretical avoided crossing point. Shifting Qy could move @S¢ closer to the
theoretical point by chance. At any rate, the results in Table 4.1.1 demonstrate that
there is significant CPHASE fidelity variation when crosstalk is present, given a fixed
protocol, 1.e the choice of the pulse shape. The protocol has to be fixed and ¢ or the
total pulse duration, for example, can not be adapted to the state of the spectator of
course. This suggests to find a way to average the effect of crosstalk. But the right way
to take this average remains an open question. We also remark that the reliability of
this simplified model of crosstalk should be supported by accurate modelling. For this

reason simulations including Qs in the Hamiltonian FH(®) are carried out in Sec. 4.2.

77 crosstalk on | Fidelity F | ¢»¢ [rad]
Qm 0.995 3.06
Qg 0.970 2.96
Qm and Qg 0.990 3.01
None 0.994 3.03

Table 4.1.1: Impact on F and ¢ from a simple model of crosstalk in which a spectator qubit
in state |1) affects Qp and/or Qg frequency, respectively.

4.2 CPHASE simulation with crosstalk from the spec-
tator

In this section, the impact of crosstalk from the spectator on CPHASE fidelity is ana-
lyzed simulating a three transmons capacitively coupled circuit depicted in Fig. 4.2.1a.
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A similar analysis is carried out in [13]. The fluxes across the spectator, the high and
the medium frequency transmons are denoted with {®ps, Ppy, Ppy} and we work
in this basis. The transmons are coupled with an equal capacitance of C. = 0.39
fF. The shunting capacitances of the transmons are equally worth C; = 77.1 fF, with
i = S,H, M. It corresponds to the charging energy E. = 0.25 GHz, withi = S, H, M.
The CPHASE gate is performed between the modes Qy and Qs associated with the
high and medium transmons, while Qg, which is associated with the spectator trans-
mon, induces crosstalk. The target frequencies of the transmons are ws/(271)=5.5 GHz,
wpy/(2m)= 6.7 GHz and w1/ (27)= 6.0 GHz. Notice that the spectator frequency is
lower than its parking frequency would typically be (see X and Z, in Fig. 2.2.1b). In
effect, while operating a CPHASE gate between Qp and Qy, the frequency of Qg is
tuned down from 6.0 to 5.5 GHz. The Josephson energy of the transmons, E;, with
i = S,H, M, are then obtained by matching the target frequencies of the transmons,
Le. wi/(2m) = /8E,Ej,. The Josephson energy of the high frequency qubit is tunable
by means of an external flux. The capacitance matrix associated with the circuit in Fig.
421ais

CS + CC _CC 0
C= —Ce Cu +2C, —Ce . (4.3)
0 _CC CM + CC

We use the parameters given in Table 4.2.1 and give the numerical values of the exact

Charging energy matrix:

) 0.24997 0.00125 6 x 1076
E.= %C‘l = | 0.00125 0.24870 0.00125 | . (4.4)
6x 1076 0.00125 0.24997

Here the coefficients are given in GHz as we assume that the Hamiltonian is in units of

h. The inductance energy matrix is

Ej 0 0
Er=|0 E, (%) 0 |. (4.5)
0 0 Ej,,
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Up to now, the energy matrices are exact. However, in the simulations we used an

approximate charging energy matrix

E, 5 0 025 0.00125 0
Eim=| & E, & |=1000125 025 0.00125 |, (4.6)
o I E, 0 000125 025

whose entries are at most € = 1.3 MHz away from the ones of the exact charging energy
matrix E. in Eq. (4.4). In fact, we apply no approximation on the off-diagonal terms but
only on the diagonal elements. The approximation done on the diagonal elements is
equivalent to assuming that the three transmons are uncoupled. We think that it is a
reasonable assumption as the coupling between the transmons is weak, 1.e. C. = 0.39
fF < C; =7711fF withi =5,H, M.

E; [MHz] | E., [GHz] | ws/(2m) [GHz] | wym/(27) [GHz] | wy/(27) [GHZ]
2.5 0.25 55 6.0 6.7

Table 4.2.1: Parameters of the simulations. Here w; / (277) are the target frequencies of the trans-
mons. Note that Ej, with i = S, H, M are set such that w;/ (271) = |/8E,E],.

We now present the protocol we use in order to characterize the effect of the crosstalk
from the spectator qubit. The following steps are taken in order to compute the fideli-
ties. First Qs is set in state |0g). The four computational states, { |0s0r0pm) , |0s0x1Mm),
|0s150p), |0s1glp) }, are initialized and let evolve in order to build the matrix Upg
using Eq. (2.84). The parameters of the pulse are optimized in order to maximize the
fidelity defined in Eq. (2.83) and the arrow in Fig. 4.2.1 indicates the CPHASE gate
operating point at which the pulse is optimized. With the parameters we use, the pulse
is diabatic. In a second step, Qs is set in state |15). We let the four computational states,
which are now in the set { [15050Mm) , [1s0n1pm) , [1s150Mm) , [1s1H1m) }, evolve under a
pulse with the same parameters in order to obtain U,g and the fidelity /. We empha-
size that again simulations are carried out using H(®) obtained for the given problem.
The optimized parameters of the pulse are found to be ¢5&/(277) = 0.159 rad, 7,=1 ns
and 177 = 24.7 ns leading to T = 24.7 + 2 = 26.7 ns. Additionally, the number of Fock
states per qubit is 9.
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Figure 4.2.1: a) Three transmons capacitively coupled with an equal capacitance C.. In Fig. b)
the arrow indicates the CPHASE operating point when the spectator is in |0s), at which the
parameters of the pulse are optimized. However, when Qg is in |15), the energy levels involved

in the avoided crossing are Eq.1,,1,, and E1,2;,0,,-

xum [MHz] | xsy [MHz] | xsm [MHz]
et/ (2m) =0 -0.584 -0.164 -6.7x1074
Pot/(2m)=0.159 | -19.592 -0.394 9.6x10~*

Table 4.2.2: Cross-Kerr coefficients between each pair of modes at the parking frequency and

at the avoided crossing between |0s1y1ys) and |0s250y;) obtained using the 6th order approx-

imation, A,

We now analyze the cross-Kerr coefficients as they characterize the strength of the
crosstalk. The energy levels showed in Fig. 4.2.1b are obtained by diagonalizing the
Hamiltonian H(®) as a function of the external flux applied on Qg, 1.e. Xt = ¢SXtdy/ (277).
We set the lowest energy level to zero, 1.e. Eg0,,0,,(P$*) = 0. Then, the cross-Kerr co-

efficients between the pairs (Qx, Qum), (Qs, Qn) and (Qs, Qam) are respectively given
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XHM(©2(,[) - EOslHlM - EOslHOM - EOsOHlM/ (47)
XSH(q)?—}(t) = ElslHOM - ElsOHOM - EOslHOM/ (48)
xsm(DPF) = E1g0415 — E150404 — Eos0p1y- (4.9)

(4.10)

The values of the cross-Kerr coefficients at the parking frequency and at the avoided
crossing between |0s1y1p) and |0s2p0p) are given in Table 4.2.2. We see that the
cross-Kerr coefficient between Qys and Qg increases by a factor of 33 when the external
flux moves from the parking frequency to the avoided crossing point. This allows the
CPHASE gate to take place. At the avoided crossing, it holds that x7$,=-19.59 MHz.
It can be compared to xA%,=-19.42 MHz which corresponds to the circuits consisting
of two transmons capacitively coupled (see Table 3.1.1). We also observe in Table 4.2.2
that, at the avoided, the cross-Kerr coefficient between Qs and Qp is 400 times higher
than the cross-Kerr coefficient crossing between Qs and Qpr. They are worth —0.394
MHz and —9.6 x 10~* MHz, respectively. The latter is clearly negligible. That is be-
cause, as can be seen on the circuit in Fig. 4.2.1a, Qg is a direct neigbor of Qp and
a next-nearest neighbor of Q. This tells us that in our circuit, crosstalk induced by
neighbouring qubit is not negligible while crosstalk induced by next-nearest neighboor
is not a major concern. Importantly, we note that x sy and x sy get multiplied by a factor
of 2.4 and 1.4, respectively, when the external flux moves from the parking frequency
to the avoided crossing point. Thus, crosstalk from the spectator qubit on Qg and Qum

cannot be considered as independent of the external flux applied on Qp.

Fidelity F | ¢ [rad]
Spectator in |0g) | 0.991 2.99
Spectator in |1g) | 0.973 3.12

Table 4.2.3: The impact of the state of the spectator is a 1.9% drop of the CPHASE fidelity. The
same parameters of the pulse are used and they are the ones optimized for the case in which Qg

isin |0g).
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Preax(t = T) | [00) | [10)g | [01)g | [11)
|0s) 0.001 | 0.004 | 0.010 | 0.009
|15) 0.012 | 0.015 | 0.015 | 0.022
Table 4.2.4: Comparison of the final leakage probability at the end of the gate of a state initial-

ized sequentially in the four computational states, |ij), (t = 0), when the spectator is in |0g) or
in | 1 S > .

As indicated in Table 4.2.3, crosstalk from Qg induces a fidelity drop of 1.9%. Indeed
the fidelities are /= 0.991 and 0.973, respectively. This proves that crosstalk induced by
neighbouring qubits has a non-negligible effect on the CPHASE gate. As discussed in
the following analysis, the reduction in fidelity when the spectator is in |1g) is domi-
nated by the leakage out of the computational basis. The conditional phase ¢, is 4%
higher when the spectator is in |15) and is closer to 7r. The evolution of the computa-
tional states are plotted in Figs. 4.2.2 and Figs. 4.2.3, when the spectator is in |0g) and in
|15), respectively. Notice the small oscillations in Fig. 4.2.3 around the mean probabili-
ties. The Rabi oscillation performed by |11), is more complete when the spectator is in
|0s) than in |1s) as the probability to be found in the state |02), at t = T, /2 are given
by po2(Toq/2) = 0.967 when the spectator is in |0s) and po2(T2o/2) =0.958 when the
spectator is in |1g). It is interesting to compare these values with the total probability
of leakage out of the computational basis at t = T,5/2 of a state initialized in |11),,.
When Qs is in |0g) it is worth 0.994 and is 0.998 when Qg is in |1s). Thus, when the
spectator is in |1g), a state initialized in |11), leaks overall more out of the computa-
tional basis but less on |02),. In Table 4.2.4, it can be observed that the final leakage
probabilities at the end of the gate, 1.e. T = Tg + Tiq, of a state initialized sequentially
in the four computational states, |ij), (f = 0), are higher when the spectator is in |15)
than in |0s). This is caused by the fact that higher excited states interact more with
other higher levels, thus causing more leakage. For example, when the spectator is in
|1s) the computational state |15110,1), which has two excitations, can potentially leaks
into other states having two excitations like 25010 ), |0s0r20) and [0s250ar). These
interactions also explain why we see the oscillations in Figs. 4.2.3a, 4.2.3b and 4.2.3¢c
which are not observed in Figs. 4.2.2a, 4.2.3b and 4.2.3c. Additionally, it should be kept
in mind that ¢%¢ is the value corresponding to the avoided crossing between the states
|0s1p1p) and |0s250p) which might not coincide with the avoided crossing between
the states |15151p) and |1s250p). This also contributes to a higher fidelity when the
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spectator is in |0g).

As a conclusion, this analysis has demonstrated that crosstalk induced by neigh-

bouring qubits has a non-negligible effect on the CPHASE fidelity. In our simulations,

a spectator qubit, which is a direct neighbor of the high frequency qubit in the CPHASE

gate, induces a drop of fidelity of 1.9%.

Poo

ost — Pu
2| B
A — P
04 - }311
— P
02
0.0
0 10 15 20 25
t [ns]
(@
1.0
0.8
— Ry
ost — Pu
2|
o — P
041 — p,
— Pp
02
0.0
0 10 15 20 25
t [ns]
(c)

— Py
— Py
— Py
Py
— P
— P

Figure 4.2.2: Evolution of states initialized sequentially in |0s050x), |0s0g1ar), |0s150as) and

|0s15 1) respectively. P; ;(t) are the probabilities to be found in the state [if), at time ¢, defined

in Eq. (2.85).
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Figure 4.2.3: Evolution of states initialized sequentially in |1s050x), [1s0g1a), |1s150p) and
[1s1p1p) respectively. P; ;(t) are the probabilities to be found in the state [if), at time ¢, defined
in Eq. (2.85).
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Chapter 5
Conclusion and Outlook

In this thesis, we have used the eigenmode approach, whose purpose is to study circuits
consisting of capacitances, inductances and Josephson junctions, which are the build-
ing blocks for transmon qubits. The eigenmode approach identifies the normal modes
of the linear part of the circuit as the qubit modes and treats the non-linearity of the
Josephson junctions as a coupling, to which approximations can be applied. We have
verified that the eigenmode approach can be used to accurately model the CPHASE
gate and that the coupling, which drives the CPHASE gate in the eigenmode approach,
is captured by the RWA approximations applied to the normal modes 4, (®$*(t)). The
approximations, however, predict different external flux points, CD‘X%, where they ex-
pect the avoided crossing to occur. Secondly, due to the fact that the so-called full
rotating-wave approximation at 4th order estimates the cross-Kerr coefficients between
detuned qubits within 10% error, this approximation could be used to describe crosstalk
effects from neighbors on the two qubits involved in the CPHASE gate. The advantage
of including crosstalk in CPHASE simulations with H f(jl)lRW A is that this approximation
gives analytical expression for the cross-Kerr coefficients. Then, we confirmed that in
CPHASE simulations between two transmons coupled via a resonator we can get rid of
the resonator normal mode in the eigenmode approach. The tests carried out suggest
that, more generally, after applying the classical eigenmode approach on a full system,
one can get rid of the resonator mode even before performing canonical quantization,
and still recover the same behaviour.

CPHASE simulations without crosstalk are implemented using the two capacitively
coupled transmons and the eigenmode approximation H(®). We have focused on dia-

batic pulse. The highest fidelity is worth 0.994 in the problem we studied. Moreover
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we compared the fidelity obtained with H(®) with the fidelity obtained with the Hamil-
tonian of the two capacitively coupled transmons expressed in the Cooper-pair basis
given in Eq. (3.12). The fidelities agree up to 0.3%. Finally, CPHASE simulations
in presence of crosstalk from a spectator transmon, using a system of three capaci-
tively coupled transmons, reveal that the impact of crosstalk from the spectator on
the CPHASE gate is a drop of fidelity of of 1.9%. We optimize the fidelity for the case
in which the spectator qubit is in state |0g) and then apply the same pulse to the case
in which the spectator is state |15). The final probabilities of leakage out of the compu-
tational basis are higher when the spectator qubit is in state |1s). As a conclusion, this
analysis has demonstrated that crosstalk induced by neighbouring qubits has a non-
negligible effect on the CPHASE fidelity. The fabrication of a quantum processor layout
with specific parameters (charging and Josephson energy essentially : E. and Ej) is a
tough task to realize. We would like to emphasize that the derivations made in Sec. 2.2
provide predictive values useful for layout design. In particular, the eigenmode approach
describes how single transmon parameters are modified when they are interconnected
on the layout. It is useful, for example, to be able to predict the cross-Kerr coefficients
(which give rise to residual crosstalk) resulting from a specific choice of parameters of
transmons for a layout. Different targeted designs can be tested and compared with the
eigenmode method before the fabrication. However, we must bear in mind that the tar-
geted parameters are shifted due to fabrication processes and that these effects cannot
be theoretically predicted. A limitation of this thesis is that the circuits we considered
contained a small amount of transmons while crosstalk comes to light when the num-
ber of qubits is scaled up. Indeed, scalability is not tackled in this thesis. Moreover, we
decided not to focus on the optimization of the pulse and we limited ourselves to dia-
batic pulses. In order to suppress qubit crosstalk, while still achieving fast two-qubits
gates, a promising option is to use the symmetry of superconducting architecture chips,
similarly to what is done in [37]. Indeed, the suppression of ZZ crosstalk in a two-qubit,
two-coupler superconducting circuit is reported when two necessary criteria are met.
In essence, the frequency of a tunable coupler is adjusted such that the cross-Kerr inter-
action from each coupler (from each path) destructively interfere. Another approach is
discussed in [38] where they combined transmon qubits, which have negative anhar-
monicity, with a capacitively shunted flux qubit, which on the opposite have positive
anharmonicity, in order to cancel the ZZ crosstalk interaction at specific detunings be-
tween the qubits. As a closing message, we point out that the approach developed in

this thesis is also suitable for studying these alternative solutions.
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Appendix A

The simulations are done in the eigenmode basis at zero flux, r.e. {|ij),}. We simulate
the circuit of the two transmons capacitively coupled presented in Subsec. 3.1. The
Hamiltonian implemented is derived with the eigenmode approach keeping the non-
linearity up to 6th order, H(®), without applying the RWA approximation, see Sec. 2.2.2.
We work in the Schrodinger picture with a time-dependant Hamiltonian. We denote the

Hamiltonian at zero flux with

Ho = wy(®F = 0)a] (PF' = 0)a1 (PF' = 0) + wy(PF' = 0)a3(PF' = 0)ax(PF* = 0),

1 . 1 . 1 . 1,
—En [4!4)3‘31 - 6!4)%1} — Ep(®f' =0) [4!4’%’2 - 6!4’%2]-

(A1)

Here w;(®$ = 0)/(2m) and 4;(P§* = 0) with i = 1,2 are, respectively, the frequencies
and the annihilation operators of the normal modes at ®$* = 0. We express the phases

at the ports, in terms of the normal modes at zero external flux as follows:

¢p1 = (P71 (®F = 0)¢1(PF' = 0) + (P H1o(@F = 0)92(PF' =0)  (A2)
and

Pp2 = (P 1)1 (F = 0)1(PF = 0) + (P71 (PF = 0)g2(PF' =0).  (A3)

When ®$!(t) is tuned, the normal modes of the linear part of the Hamiltonian are
modified. We can add the "perturbative’” Hamiltonian due to the tuning of the flux on

top of Hy, at time t, as follows:
H(Q)?}(t(t)) = HO + Hpert(q)%t(t))- (A4)

Here
& ext ext ext 1 A2 1 ~d 1 A6
(@) = (En(@5(0) ~ (@ =0)) | 30ha— g 0ha + )| (49
Note that the phase at port 2, ¢pr (D¢t = 0), is still expressed in terms of the normal
modes at zero external flux as in Eq. (A.2). A particular attention should be paid to
the linear term, ¢%,, in Eq. (A.5). In the basis { |ij),}, it causes the additional linear

coupling:

(@t (n) (m (@5t = 0) +at @ = 0)) (m(@5 =0 + @5 =0)). (A6
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In the following expression, we omit the dependency of P~! on the external flux and

evaluate the matrix at ®$' = 0. Then, the coupling coefficient is given by:

BN@F (1) = (EJZ(CD%”U)) — E12(0)> [(P_l)zl(P_1)22902PP1(0)€02PF2(0) . (A7)

Moreover, the linear term in Eq. (A.5) modifies the frequencies, w;(®$*(t)) in Eq. (A.1).
The basic principle of the CPHASE gate can be understood with a two-level model with
the states |11), and |02), between which the avoided crossing of interest takes place

[33]. Therefore we evaluate the Hamiltonian and look at the coefficient:
(02 H(PF (1)) [11)q. (A8)

This off-diagonal coefficient involves the exchange of one excitation from mode 1 to
mode 2, 1e. the operation 4;(®$* = 0)al(P%* = 0) which can be combined with
an equal number of creation as annihilation operators for each mode. Clearly the lin-
ear coupling in Eq. (A.6) contributes to (02|, H(P%(t)) [11),. In addition there is
the contribution from the non-linearity, whose strength is modified by the prefactor
Epp(®%t(t)) in Eq. (A.5). We inspect now what are the terms brought by the non-

linearity at different order:

e The non-linearity at 4th order involves off-diagonal contribution. For example:

(02, 47(0)41(0)a1(0)a3(0) [11) # O. (A.9)

e The non-linearity at 6th order involves additional off-diagonal contribution. For
example:
(02,41 (0)a1(0)a%(0)a2(0)a;(0)a3(0) |11), # O. (A.10)

These terms are responsible for the size of the energy gap at the avoided crossing, AE sc.
As a conclusion, the coupling which allows a CPHASE gate to take place by inducing
an avoided crossing between the states |11), and |02),, comes both from the linear
coupling in Eq. (A.6) and from the increase of the strength of the non-linearity in Eq.
(A.5). This claim holds in the eigenmode at zero flux.

We would like to add two final remarks. Firstly, it is important to notice that we
can, alternatively, apply the eigenmode approach at each value of ®!(¢) and look at

the coupling from the perspective of the changing normal modes associated with the
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operators (P (t)). Then, there is no linear coupling between the changing modes
A (P$3(t)) as in Eq. (A.6). The coupling is purely non-linear.

The second remark is about a conclusion we did in Subsec. 3.1.3. We claimed that
we should keep the RWA terms in order to accurately reproduce the size of the avoided
crossing, AEc, and thus the cross-Kerr at the avoided crossing, xac. Importantly,
there, the RWA approximations are applied to the modes associated with the opera-
tors 4, (P$(t)) and not to the normal at zero flux, a4, (P$' = 0). Otherwise the RWA
approximations applied to the linear term ¢3, in Eq. (A.5) might neglect some terms
which plays a crucial role in driving the CPHASE gate.

Appendix B

In this appendix we show that the matrix C~'L~! is diagonalizable and has positive
and real eigenvalues. Moreover, we prove that the effective capacitance matrix Cef,
defined in Eq. (2.39), is always diagonal with real and positive eigenvalues. In what
follows, we apply the definitions and theorems provided in [39] at pages 485 and 486

on the specific problem presented in Subsec. 2.2.1.

Definition 1. A square matrix that is not invertible is called singular. A square matrix is

singular if and only if its determinant is zero.

Definition 2. The set of all square matrices which are nxn array of real numbers is denoted by

Mu(R).

Definition 3. Let A € M,,(R) be a symmetric matrix. The inertia of A is the ordered triple
(i+(A),i—(A),ig(A)) whereiy(A),i_(A) and ig(A) are the number of positive, negative and
zero eigenvalues, respectively. Then, the inertia matrix of A is the diagonal matrix

I(A) =i (A) @i (A) @ig(A). (B.1)

Definition 4. Let A and B € M,,(R). If there 3 a nonsingular matrix S such that B = SAST.
Then B is said to be T-congruent to A.

Lemma 1. If A is symmetric, then SAST is also symmetric, even if S is singular.
Theorem 1. Each symmetric matrix is T-congruent to its inertia matrix.

Theorem 2. Symmetric matrices A and B € M, (R) are T-congruent if and only if they have

the same inertia.
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Theorem 3. Let C~1and L=1 € M,,(R) be symmetric and positive definite matrices. Then
there exists a nonsingular matrix P € M,,(R) such that

L '=pPTIP (B.2)

and
c =P c (P HT. (B.3)
And the matrix Ce_ff1 is diagonal with real and positive eigenvalues.

Proof. By assumption L1 is positive definite, 1.e. i1 (L™1) = n. The identity matrix of
the same size, 1.e. I € M, (R), has the same inertia. Thus, Theorem 2 ensures that I
and L~ are T-congruent. The Definition 4 tells us that there exists a nonsingular matrix
T € M,(R) such that I = T'L=YT~1)T. Lemma 1 guarantees that T C~'T is also
symmetric and thus diagonalisable by the orthogonal matrix O.

Let PT = TO. Then

(PT)—lL—lp—l — (TO)_lL_l(OTTT)_l
—o T 'L Y1T) }(0T)!
=o't L1 1(0")! (B.4)
_ O—ll(OT)—l
=1

We recover Eq. (B.2). The matrix OT(TTC~'T)O = PC~'PT = C is diagonal. We
recover Eq. (B.3). Additionally, Theorem 4 tells us that C~! is T-congruent to C_;/. We
know from Theorem 2 that it implies that they have the same inertia. As C™!is positive

definite, so is C effl We conclude that C_; ff is diagonal positive definite. O

Corollary 3.1. Let C~1and L= € M, (R) be symmetric and positive definite matrices. Then

C— 1L~ is diagonalizable and has real positive eigenvalues.

Proof. Use Theorem 3 in order to write C~' = P~1C_/ (P~*)T and L=! = PTIP. Then
CT'IL ' =Plc /(P Y)TPTP = P7ICP. (B.5)
We can conclude as C is a diagonal matrix with real and positive eigenvalues. O

We now confirm that C_} = w? We take the definition of the the matrix w? in Eq.
(2.32) and insert Eq. (B.5). This gives:

w?* =PCL7'P! = P(P_lcgfl(P_l)T)(PTP)P_l

T T B (B.6)
eff (P ) p Ceff
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We notice that with the specific choice of P such that (PT)"!L=1P~! = I, the induc-
tances of the normal modes all worth one. We could have chosen any diagonal and
positive definite matrix Le_ffl, instead of I, as such a matrix is T-congruent to L~1. The
demonstrations above would still hold. In this way, we can impose the effective induc-

tances of the normal modes, 1.e. the eigenvalues of L.

Appendix C

This appendix draws a connection between a N-port network and its equivalent Foster
circuit. It summarizes my understanding of existing literature ([25], [40] and [41]) and

are based on a derivation by Ciani [27].

N-port network

We consider a generic microwave network with N ports connected to the outside world
as depicted in Fig C.1. Arbitrary systems can be attached at the ports, for example
a Josephson junction (taking only the non-linear part), a voltage drive or any type of
transmission line [25]. In Laplace domain, the impedance matrix of the microwave

network, Z(s), relates voltages and currents at the ports as
V(s) = Z(s)I(s), (C1)

Here s is a complex variable. A linear network is fully characterized by its impedance
matrix Z(s) [25]. Therefore, a microwave structure can be regarded as a 'black-box’
which absorbs all the details of the structure and which is fully characterized by Z(s).
The coefficients Z;;(s) can be obtained by driving port j with the current I; while open-
circuiting all other ports, 1.e. [y = 0 for k # j, and measuring the open-circuit voltage at
port i. As defined in [25], Z;;(s) is the input impedance seen looking into port i when
all other ports are open-circuited as well as the transfer impedance between ports i and

j when all other ports are open-circuited.

=

(s)

(s) I;=0for k#j

Zl‘]‘(S) = I]' (Cz)

The elements of Z(s) are in general complex. We now introduce the following network

properties :

e A network is linear if given an input x(t) = c1x1(t) + cox2(t) where t generally

denotes time, with c1, € R the output is w(t) = cywi(t) + cowz(t) where w12 (t)
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is the output associated with x1>(t). The same holds in Laplace domain. Cir-
cuits elements like capacitances, inductances and resistances are characterized by
a voltage-current linear relation and thus a network composed of these elements

is linear.
o A network is reciprocal if its impedance (scattering) matrix is symmetric [25].

e A network is lossless if it does not contain any elements which dissipate energy.
Dissipative elements are characterized by a non-zero real part of their impedance,

Re(Z) # 0, like resistances for example.

In the case of a lossless network, Z;;(s) are purely imaginary [25]. We point out that the
impedance matrix of a lossless and non-reciprocal network is symmetric and purely
imaginary and that a network including capacitances and inductances but no resis-

tances, is linear, reciprocal and lossless.

SO
R 4

Vi-I3
4 313
13

Vil Vil;
W —" —
W W
Vi-Iy f Va—1s

VN IN N IN

Figure C.1: An arbitrary N-port microwave network. Here ¢, is the terminal plane at port n.
(V,F,LF) and (V,;, I, ) denote the equivalent voltages and currents at port n for the incident

and reflected waves, respectively. (The figure is taken from [25], page 174.).

Equivalent Foster circuit

It has been demonstrated by Cauer and Belevitch that a linear, reciprocal, lossless N-
port network can be represented by an equivalent circuit called the Foster circuit [40].
These networks are equivalent in the sense that they have the same impedance matrix
up to a scaling factor. Therefore the equivalent Foster circuit is not unique [41]. In

our context, we are interested in drawing the connection between a linear, reciprocal
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and lossless N-port network and the corresponding Foster impedance representation,
in which the circuit is represented with series of parallel LC oscillators. We show an
example in Fig. C.2 for the one-port case. Drawing this connection is useful because

the Foster circuit provides an expression for Z(s) that we derive in Sec. 5.

o

Figure C.2: Foster circuit. This network has one port shown on the left and can be represented
with three LC oscillators. Picture courtesy of Spinningspark at Wikipedia.

We now explain what the Foster circuit of a N-port network is. A Foster circuit
connects the currents and voltages at the ports, Ip, and Vp,, with those of the network
eigenmodes (drawn as LC-oscillators), Ircx and Vicy via ideal transformer relations.
Fig. C.3a shows a Foster circuit with the N port fluxes, ®p,, on the left and the M =
N + Np eigenmodes fluxes, @1 ¢k on the right, where N; denotes the internal degrees
of freedom of the linear network. We introduce the voltage drop across the transformer
k of port n as V& . An ideal transformer with current flow convention is represented in
Fig. C.3b. It follows that :

M
Vpu = Y V5, (C.3)
k=1

We introduce further Ip, as the current at port n, flowing through the ideal transform-
ers. Since an ideal transformer preserves the instantaneous power, r.e., VK (t)Ip,(t) =
Vick(t) I ck(t), if the turns ratio of the transformer is t,;, then V& () = t,, Vici(t) =
Ipn(t) = tylrck(f). And the same holds in Laplace domain. We have :

Iick V5,
~ o= =t C4
Ipy Vick n (4

We can use Eq. (C.4), the flux definition in Eq. (2.26) and integrate Eq. (C.3). This leads

to the following expression: :

M
Dp, = Y tuPrck (C5)
=1
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Connection with the eigenmode approach

The circuits analyzed in section 2.2 are subdivided into a linear network, made out of
capacitances and inductances, and N non-linear inductive elements, i.e. the Joseph-
son junctions spiders, attached at the ports. Therefore the N-port network is linear,
reciprocal and lossless and an equivalent Foster representation can be derived for it.
We now draw the connection between the eigenmode approach presented in Sec. 2.2
and the first Foster representation. On one side, in the eigenmode approach, the port
fluxes defined across the Josephson junctions are expressed as a linear combination of
the eigenmodes, see Eq. (2.50). While on the other side, Eq. (C.5) gives the relation
between the port and the normal modes (LC-oscillators) fluxes originating from the
Foster representation. Comparing Egs. (2.50) with (C.5), we identify the turn ratio as
the coefficient matrix (P~!),; multiplied by a scaling factor :

tae = (P71) n=1,...,N, k=1,...,M. (C.6)

VA
Ch eff

making clear the connection between the eigenmode approach and the Foster represen-

tation.

T %35

| .o | t2: | i " Icw
Leﬁz
Dp1 g Dpy ; ‘I)PNE : :
S - o || tnk | Vwk

o}u O}u tan O_§|| ||- tanal) @,X}Lgk:fmpfl) Z

(b)

Figure C.3: a) Equivalent Foster circuit of an arbitrary lossless, reciprocal linear network. Foster
circuits relate the port and the oscillators (eigenmode) voltages and currents, in an intuitive
manner via ideal transformer relations given on Fig. b). The turn ratio f,; are to be identified

with (P ey /oo

Electrical impedances

In this subsection a brief introduction to passive lumped element impedance in the
Laplace domain is carried out as these expressions are needed later in Sec. 5. The

impedances in the Laplace domain for the lumped passive elements can be obtained by
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applying the Laplace transform on the characteristic equation relating the voltage to the
current across the element. In effect, the impedance of a capacitor, characterized by C,
is obtained by applying the Laplace equation on C d‘;—gt) =i(t). As L(d‘;—gt)) =sL(V(t)),
the relation becomes CsV (s) = I(s) in the Laplace domain. Thus, the impedance of a

capacitor is
1

T Gs
Proceeding similarly for an inductance element characterized by L, for which it holds

Zc(s) (C.7)

that Ldii(:) = V/(t), we obtain its impedance as

Zi(s) =Ls (C.8)

The impedance of a parallel LC-oscillator is immediately obtained via the rule of adding

impedance in parallel:
1

Zic = 1 1 (Cg)
Z. "7z
which gives
1 s
Zic(s) = G2+ i, (C.10)

where w;c =1/ LC.

Derivation of the partial fraction expansion of the impedance matrix

We will now show that this implies that the impedance matrix of a N-port network in

Laplace domain can always be expanded as a sum of LC-oscillators [40]

M 1 52
Z(s) = —— A, C11
(S) k:X‘i CS Sz _|_ w[% k ( )
where Ay are N x N rank-1 matrices connected to the turns ratios in Fig. C.3a by the
relation
Ay = tkt,?, (C.12)
with
T
tk — (tlk tzk e tNk) . (C13)

Note that the Foster impedance representation described in Subsec. 5 provides the
expression in Eq. (C.11), see Eq. (9) in [40]. Now the idea is to start from Eq. (C.1) and
to find a way to inject the definition of the impedance of the LC oscillators in parallel
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given in Eq. (C.10). First, let us suppose to impose a generic vector of currents to the
ports

16) = [16) 1) .. )] - (C.14)

Considering the circuit in Fig. C.3a and using the ideal transformer relation in C.4, then

the total current passing through the k-th oscillator is given by

N
Iick(s) = Y tuiln(s) = t{1(s). (C.15)
m=1

As a consequence we get the following voltage across the k-th oscillator

1 s2

_ = T
~Gia tT1(s). (C.16)

Vick(s) = Zrci(s)Ick(s)

The voltage drop across the n-th port can now immediately be expressed as :

M M 1 52
Va(s) = k; takVick(s) = k; amtnktgl(s)/ (C.17)
and so write the vector of port voltages as
M 1 SZ T

thus from Eq. (C.1) and using the definition Eq. (C.12) we finally obtain the expansion
of Z(s) in Eq. (C.11).

Applying the method in practice

We can envision in general two situations in which we would like to use the previous
results. First of all, the easiest case is the one in which we have already a lumped
element representation of the circuit. In this case, following the derivation in Sec. 2.2,
we can just find the normal modes and then express the fluxes across the ports as a
linear combination of them via Eq. (2.50). However, we can also consider the situation
in which we do not have explicitly a representation of the network, but we have its
impedance matrix. How do we get the circuit representation shown in Fig. with C.3a?
Suppose that we found the poles of the impedance matrix wy. In order to be able to
find the parameters of the circuit in Fig. C.3a, we need C and A;. However, as it is clear

from the impedance expansion Eq. (C.11) what matters is only the ratio Ay /C which is
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the reason why we can take C to be arbitrary. We notice that the matrices A;/C have

the interpretation of residue matrices. In fact, assuming non-degenerate modes,

Res(Z(s);iwy) = lim (s — iwg)Z(s) = lim (s —iwy) s _ A

= . 1
S—rwy S—> Wy Cs sz—l—w% k 2C (C.19)

Fixing C arbitrarily thus gives us Ay from which one can obtain the vector of turns

ratios f; such that A, = tktkT . In this way, we can obtain the parameters of the Foster

representation in Fig. C.3a.
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