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Abstract

For the development of fully error-corrected quantum computers, an understanding of
the current near-term noisy devices is vital. Experimental verification of quantum oper-
ators plays an essential role in characterizing and thereby improving the performance
of a quantum computer. The underlying theory of quantum computing is complex, and
gaining a deeper understanding of the quantum system and its dynamics is crucial. In
this context, visualization techniques assume a significant role, especially those that can
directly visualize quantum operators, such as density matrices, processes, Hamiltonians,
ete.

The DROPS (Discrete Representation of OPeratorS) representation is a visualization
tool that visualizes operators using shapes (droplets) assembled from linear combinations
of spherical harmonics. This thesis presents a scanning-based tomography approach
that experimentally tomographs the droplets corresponding to density matrices and
processes. Building on the underlying theory of Wigner state and process tomography
initially developed for an ensemble-based NMR (nuclear magnetic resonance) setting,
this thesis introduces a reformulation of this theory tailored for pure-state general-
purpose quantum computers.

Furthermore, this work tackles the existing limitation of Wigner tomography, which
was previously applicable only to known unitary processes, by extending this theory
to encompass the tomography of unknown unitary processes. This thesis provides
an experimental methodology for directly implementing scanning-based tomography
techniques on pure-state quantum computers and also presents the experimental results
of our tomography approaches performed on IBM quantum devices.
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Chapter

]_ Introduction

This chapter is dedicated to describing fundamental concepts of quantum comput-
ing, with a primary focus on the visualization of quantum operators using DROPS
representation [1], which establishes the foundation of this work.

1.1 Quantum computing

Quantum computers leverage the principles of quantum physics to execute computational
processes, distinguishing themselves from classical computers, which rely on classical
physics principles. In classical computing, information is encoded as ‘bits’, short for
binary digits with two possible states: “0” or “1”. Quantum computers utilize ‘qubits’, a
portmanteau of ‘quantum’ and ‘bit’ [2], as a fundamental computation unit. Qubits can
exist in various superpositions of states, simultaneously representing both 0 and 1. This
state encoding facilitates parallel computation, contributing to the accelerated processing
capabilities of quantum computers. These properties make quantum computers powerful
enough to provide a speedup over their classical counterparts for solving certain complex
algorithms. In recent years, quantum computing has seen a remarkable advancement,
but many challenges remain to overcome. Here, we briefly introduce some important
concepts of quantum computing.

1.1.1 Quantum state

A general single qubit (N = 1) state can be written down as a linear combination of
basis states:

) = c0l0) + r[1). (1.1)

This linear combination of states is often referred to as superposition [3]. The complex
coefficients ¢y and ¢y are the probability amplitudes, i.e., the probability after mea-
surement to find a qubit in state |0) is pg = |co|? and in state |1) is p; = |c1]?. These
probabilities sum to one, i.e., pg + p1 = 1. The states can be written down in the

state-vector matrix form as:
1 0
|0) = <0> and |1) = <1> : (1.2)
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These pure states can be geometrically represented on a Bloch sphere as shown in
Fig. 1.1.

Figure 1.1: Representation of a single qubit state on the surface of a Bloch sphere. The north
and south poles correspond to state |0) and |1), respectively. On the transverse plane, the x

axis corresponds to an equal superposition state |¢)) = \/g (10) + 1)), for example.

Similarly, for a two-qubit (IV = 2) system, a general quantum state can be written as
|¢> = Coo|00> + COl|01> + Clo|10> -+ 011|11>, (13)

where |01) = |0) ® |1), refers to state of qubit one is |0) and the state of qubit two is
[1), for example. The symbol ‘®’ represents the tensor or Kronecker product.

In practical scenarios, a state generally can not be written in terms of state vectors
and must be expressed as a statistical ensemble of multiple states. This statistical
mixture is usually called a ‘mixed’ state and is described by a density matrix.

1.1.2 Density matrix

The state vector formalism (Eq. 1.1 and Eq. 1.3) only describes a ‘pure’ state, i.e.,
states which can be precisely defined at every point in time. A density matrix or
density operator represents a quantum system whose state is not fully known [3].
A mathematical description of the density matrix for a given quantum system with
different states |¢;) and corresponding probability p; is:

p= Zpi|¢i><¢i|a (1.4)

where p is a density matrix of size 2V x 2V for a system of N qubits.
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1.1.3 Quantum gates

For performing any computation, it is imperative to manipulate the state of a qubit,
which is achieved by quantum gates in quantum computing. For an N qubit system,
quantum gates or processes are represented by a 2V x 2V unitary matrices. An initial
state |1);) evolves after an application of a quantum gate U as:

5} = Uls), (1.5)

where |1)f) is the final state. Similarly, in the density matrix representation, an initial
density matrix p; = [1;) (¢;] evolves to a final density matrix py after an application of

a quantum gate U as:
pr=UpUY, (1.6)

where U' is the complex conjugate of U, and UUT = 1.

Single-qubit gates

For a single qubit, a unitary gate is a rotation around an axis in a Bloch sphere (see
Fig. 1.1). For example, an X (or NOT) gate is given by:

0 1
(0 ) »

and is achieved by a rotation of 7 radians around the z axis. This gate inverts the
state of a qubit, for example, |0) — |1). Another important and fundamental gate in
quantum computation is a Hadamard (H) gate, the matrix form of which is given by:

1/1 1
) "

This gate creates an equal superposition state when applied on a computational basis

state, i.e., |0) — \/g(]O) + |1)). This gate is a rotation of angle 7 around the diagonal
axis between the  and z axes.

The matrix form of the most general single qubit rotation, which is also known as Us
gate, is (up to a global phase) given by

CoSs —efsin
Us(0,6,) = (ewsir(le(é%) e"’\“d’cos((eG//QQ))) ’ (1.9)

which can be equivalently written in the form of the following Euler angle decomposi-
tion [4]
Us(0, ¢, A) = RZ(¢) RY(0) RZ())

(1.10)
— RZ($)RX(—7/2)RZ(O)RX (1 /2)RZ(N).
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This corresponds to a rotation of angle A around the z axis, followed by a rotation of 6
around the y axis and a rotation of ¢ around the z axis.

In general, given a rotation angle v, the rotation operator is given by: RX(y) =
e~19:/2 RY (y) = e="%/2 and RZ(y) = e "1%:/2 where o, oy, and o, are the Pauli

matrices, defined as:

01 0 —i 1 0
am:<1 0>,O'y:<l, 0>7az:<0 _1>. (1.11)

The values of three Euler angles A, 0, ¢ in Eq. 1.10 can be adjusted to implement
any single qubit rotation or gate [4]. For example, U3(#, —7/2,7/2) corresponds to
a rotation around the z axis by an angle 6 and Us(6,0,0) corresponds to a rotation
around the y axis by an angle #. Further two or multi-qubit gates can be designed
based on these single-qubit rotations.

Multi-qubit gates

In addition to the fundamental single-qubit gates described above, we highlight some
multi-qubit gates here. For multi-qubit systems, an important gate is the SWAP gate,
which exchanges the state of the qubits, i.e., |00) — |00), |01) — |10), [10) — |01), and
|11) — |11). Its matrix representation is given by:

SWAP = (1.12)

o O o
O = O O
o O = O
— O O O

Another important class of gates is controlled gates, which only act on the target
qubits if the control qubit is in state |1). For example, a controlled-NOT (CNOT)
gate is crucial for establishing entanglement between qubits in a two-qubit system.
Considering the first qubit as a control qubit, a matrix description of the CNOT gate is
given by:

1000
0100

CNOT =0 o o ; (1.13)
0010

This gate transforms the two-qubit computational basis states 1.3 as: |[00) — ]00),
|01) — [01), |10) — |11), and |11) — |10).

Another important controlled gate is a three-qubit controlled SWAP (CSWAP) gate,
also known as the Fredkin gate. This gate swaps the state of two target qubits when




1.2 Visualization of quantum operators

the control qubit is in state |1). Considering the first qubit as a control qubit, a matrix
description of the CSWAP gate is given by:

CSWAP = (1.14)

O OO = OO OO
O kR O OO o oo
OO OO O o O
— O O O O o o o

= el eleoNeolololl S
=eleleoNeolRell e
=l eleoNeol =]
OO OO+ O OO

This gate transforms the three-qubit computational basis as: [000) — |000), [001) —
1001), [010) — [010Y, [011) — [011), [100) — [100), |[101) — |110), [110) — |101), and
|111) — |111). This gate also plays a crucial role in the work presented in this thesis
(see Chapter 4).

1.2 Visualization of quantum operators

Visualizing quantum operators, such as density matrices, processes (quantum gates),
Hamiltonians, etc., is crucial for understanding a quantum system and its dynamics.
The state of a single qubit system can be visualized using a Bloch vector on a three-
dimensional Bloch sphere, as illustrated in Fig. 1.1. However, extending this visualization
to density matrices or even pure-state multi-qubit systems introduces challenges, where
conventional methods like the skyscraper representation of a density matrix [3] lack
intuitive insight (see left panel of Fig. 1.2). The DROPS (Discrete Representation
of OPeratorS) representation [1, 5] emerges as a vital tool, offering a sophisticated
visualization technique for quantum operators. DROPS representation provides a rich
visualization of quantum operators and helps to understand a quantum system and its
dynamics intuitively, as illustrated using an example in Fig. 1.2.

DROPS representation was initially introduced by Garon et al. [1, 6] for coupled spin-
1/2 system and was later extended for up to six coupled spins in work by Leiner et
al. [7]. DROPS uses a generalization of continuous phase-space representation over a
sphere, which is also known as Wigner representation for spins [8, 9]. This visualization
approach is based on Stratonovich’s postulates [10] and works by mapping quantum
operators (matrices) onto a set of spherical functions, also known as spherical droplets.

1.2.1 Mapping of quantum operators onto spherical droplets

The visualization approach of DROPS representation relies on a bijective mapping
between multi-qubit basis given by irreducible spherical tensor operators [11] and
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f 4©) f(q)) 0 \ Qubit 1 Correlations Qubit 2

AW O 8 g x “
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o Q@
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o
0 7w 27

A(12)

\

Figure 1.2: Skyscraper (left) and DROPS (right) visualization of a two-qubit quantum state
[y = %UOO) +]01)) for which the density operator is represented by the operator A =
i(]l +01,4+02.401,09;). The individual components AW of operator A with label ¢ are mapped
to spherical functions f(© using a bijective mapping: A = > el AW Urer, f©. The
droplets are systematically combined in the rightmost panel, illustrating droplets corresponding
to the state of the first qubit (01, = 0, ® 1), the second qubit (02, = 1 ® o), correlations
(01,024 = 0, ® 0;), and identity (1) terms. In these three-dimensional polar plots of droplets
(B, a), the distance from the origin to a point on the surface represents the absolute value
| (B, a)|, and the color indicates the phase p = arg[f(“) (5, a)] as defined by the color bar.

multiple sets of spherical harmonics [12]. Although the DROPS representation can
be applied to arbitrary finite-dimensional quantum systems [1, 13], here we focus on
systems consisting of one or more qubits that are of particular interest in quantum
information processing.

The method maps an arbitrary operator A on a set of spherical functions f) which
can easily be visualized, e.g., in the polar representation used here (or as colored
spherical surfaces) [14]. Let us first consider an example of visualization shown in
Fig. 1.2 and break it down into building block components. Panel (a) of Fig. 1.3 shows
an example where the density operator A of a two-qubit state is mapped to a set of
four individual droplet functions ).

For systems consisting of up to two qubits, each of the individual droplet functions
(fO, fO £@ and f12)) corresponds to one of the four possible (sub) sets of qubits:
{0} labels the empty set, {1} labels the subset consisting only of the first qubit, {2}
labels the subset consisting only of the second qubit, and {12} labels the set consisting
of both qubits. Each subset is specified by a corresponding superscript label ¢. (For
systems consisting of more than two qubits, specifying the (sub) systems of qubits is
not sufficient, and additional selection criteria, such as permutation symmetry, are
necessary to specify each droplet [1].) The method first decomposes any given operator
A as a sum of operators A, which are defined based on the criteria of the labels ¢
specified above. For example, the operator A1) acts only on the first qubit, whereas,
e.g., the operator AU2) acts on both the first and the second qubit, etc.
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(a) visualization of A: (b) ranks (multipoles):

- ~
A®) AD ye A % + @ sg

(c) orders:

(0) (1) (2) (12)
f f f [ /%] e+ Pvp + Py

@ & 0% o . . -

Figure 1.3: (a) For the two-qubit state (]00) +101)), the density operator is represented

I
S

by A = i(]l + 012 + 02z + 01:02;) and is visualized using multiple spherical functions
fO = f@(5, ). The individual droplet operators A®) of operator A are mapped to the
spherical droplet functions f. (b) f('? (in a box) is decomposed into its contributions

f;lz) with j € {0,1,2}. (¢) 1(12) (in a circle) is decomposed into spherical harmonics of order
m e {~1,0,1}.

As shown on the left side of the double-headed arrow in Eq. 1.15 (vide infra), each
droplet operator A® can be expanded in an operator basis consisting of irreducible
spherical tensor operator components Tj( ) with expansion coefficients ¢ ( ) m |1, 13], where

j is the rank and m is the order of the spherical tensor operators Tj(nz Based on the
well-known correspondence [15] between irreducible tensor operator components T},
and spherical harmonics Yj,,, a bijective mapping between the droplet operators A0
and corresponding spherical droplet functions f) can be defined as

J
Z Z CJmTJ(frz (Z): Z Z cﬁngm, (1.15)

JEJ(£) m=—j JEJ(£) m=—j

where identical expansion coefficients 052 are used on both sides of the double-headed
arrow. Eq. 1.15 can be rewritten in the more compact form

AO = 3 Al 0 5 ) (1.16)
jeJ() JEJI(©)

()

where we defined the rank j droplet operators A;” and droplet functions fjw as

© (©) . ©)
Z Cng]m and  f; = > ¢ Yim- (1.17)
m=—j m=—j

As shown for the example of the droplet f(? in panel (b) of Fig. 1.3, each spherical

droplet function £ can be expressed as a sum of spherical functions fy) with different
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ranks j. For the case of f(1?) the rank j can be 0, 1, or 2. (Note that in the special case
of the operator, A represented in Fig. 1.3, the droplet function with rank 0 happens to
vanish, i.e., fém) = 0.) This graphically illustrates the decomposition given on the right
side of the double-headed arrow in Eq. 1.16.

The decomposition of f]@ in terms of the spherical harmonics Y}, with the expansion
coeflicients cgle (see right hand side of Eq. 1.17) is illustrated in panel (c) of Fig. 1.3 for

the rank j = 1 spherical function ffu), which is decomposed in terms of the spherical

i
=, c10=0, and

harmonics Y7 _1, Y7 0, and Y71 with the expansion coefficients ¢; 1 = 5

1
Yl}l - 5

1.2.2 Visualization examples
Single qubit state

Let us consider a single qubit state [1)) = |0), the corresponding density matrix is given
by

p=[0){0] = (3 8) ) (1.18)

Where o, and 1 are the Pauli z and identity matrices respectively. Using the basis
transformation provided in Ref. [1], and summarized in Appendix A.1, the above density

: . . . ¢
matrix can be written in terms of spherical tensor operators T](W)L as

L
p= \@Téo’ +To). (1.19)

Where the first of the two terms T; 52) has rank j = 0, order m = 0, and linearity label
¢ = (), which corresponds to an identity term in this terminology. The second term Tl%)
has rank 7 = 1, order m = 0, and label ¢ = 1 which corresponds to a linear term. As

described in Eq. 1.15, the spherical tensor operators TJ(Q is mapped onto a complex

spherical harmonics Y}, (5, o) = (5, a) exp(ip(5, ) to form droplet functions fJ@)
corresponding to a density matrix p:

ém(ﬂ,a):\/g%o(ﬁ,a)) , ff”(ﬁ,w:ﬁmo(ﬁ,a)). (1.20)

These two droplet functions representing the density matrix corresponding to the quan-
tum state [¢)) = |0) are illustrated in Fig. 1.4.

In these three-dimensional polar plots of droplets f(¥)(3, a), the distance from the
origin to a point on the surface is the absolute value | f(¥)(3, a)| and the color represents
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f{@} f{l}
. @
X
[ %)
0 m 27

Figure 1.4: Droplets representing a density matrix corresponding to the quantum state

[¥) = [0).

the phase ¢ = arg|[f (Z)(B ,a)] as defined by the color bar. The direction of a droplet
reflects the direction of a qubit in the Bloch sphere.

Different quantum operators can be similarly visualized by decomposing them into
spherical tensor operators and mapping them to spherical harmonics. A few other
examples of single-qubit state droplets are shown in Fig. 1.5.

Z
0 D P |
X
[ [
0 m 27

Figure 1.5: Droplets corresponding to quantum states: %, %, and 0.885/0) + 0.466]1)

from left to right. The rank j = 0 droplet féw) representing the identity component of a
density matrix is not shown here.

Two qubit state

A visualization example for a two-qubit state [¢)) = %(|OO> + |01)) is presented in
Fig. 1.2 and Fig. 1.3. Here, another two-qubit example of visualization is provided in
Fig. 1.6 for the Bell state |®1) = %UOO) + |11)). The corresponding density matrix
is represented by the operator A = %(]l + 01,095 — 01402y + 01,02;). Since it is a
maximally entangled state, the linear terms in the density matrix are zero, i.e., droplets
fM = @ =0, and only droplets f(1? and f@® representing correlations and identity,
respectively are non-zero.
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f{2}
f{12}
Xy ‘
e L

Figure 1.6: DROPS representation of the Bell state |®T) = %OOO) +[11)).

Single qubit gates

Similar to density matrices, quantum gates or processes (i.e., time-evolution operators)
can also be visualized using DROPS representation. Let’s take an example of Hadamard
(H) gate, which can be decomposed in Pauli basis and spherical tensor (TJ(Q) basis as

follows:
1/(1 1 1 1
T_E (1 _1>: 2(%%):\[2<T1<1>1_T1<11>+¢§T1%>>_ (1.21)

The corresponding droplet functions are:

D50 =0 . A0(5.0) =\ 50ia(50) - Yu(B.0) + VEVio(,a)). (122)

These droplet functions ( fém +f 1(1)) corresponding to the Hadamard gate, among other
examples, are illustrated in Fig 1.7.

It is interesting to observe that the orientation of the process droplets aligns with the
rotation axis for single-qubit quantum gates. For instance, in Fig. 1.7 (leftmost), the
droplet corresponding to the NOT gate points parallel to the z axis. In the cases of the
NOT and Hadamard gates, the corresponding droplet functions displayed in Fig. 1.7
are real, resulting in only red (as ¢ = arg[f(¥)(3,a)] = 0 corresponds to positive real
values) and green (as o = arg[f(“)(3, a)] = 7 corresponds to negative real values) colors.

10



1.3 Quantum tomography

In contrast, the other droplets (related to RY(%”), S and vVNOT) possess non-zero
imaginary components, and thus the colors representing the complex phase are not
limited to red and green only. This characteristic is notable for rotation angles that are
not integer multiples of 7 as detailed in Ref. [16].

X
| —
0 7 27
Figure 1.7: DROPS representation of different quantum gates (from left to right): NOT =

0 1 a1 1 sy (-1 -1 _ af(1-i 0
(1 0>7H_ 2(1 —1)’ RY(F) = 2(1 —1)’8_ 2o 144) d
vNOT = \/g (—lz _1Z) The droplets shown here are plotted by combining rank j = 0 and

j = 1 components, i.e., ém + f1(1)-

1.3 Quantum tomography

Quantum tomography is a powerful methodology that aims to characterize and recon-
struct the complete quantum state of a system. It plays a crucial role in experimental
quantum information processing, offering a means to validate the success of quantum
operations and gain insight into the quantum devices.

There are two primary categories of tomography: state tomography and process
tomography. State tomography aims to reconstruct or tomograph the experimental
density matrix of a quantum system by performing a set of measurements on an identi-
cally prepared system. Similarly, process tomography aims to characterize a quantum
operation experimentally, which describes how a quantum state transforms under the
influence of a particular operation or gate.

In addition to the standard methods for state tomography [3], alternative approaches
include the classical shadow [17, 18], neural networks [19, 20], and the compressed
sensing [21] approach to determine the state of a quantum system experimentally.
Likewise, for process tomography, besides the standard protocol [3, 22], alternative
methods such as unsupervised learning [23] and compressed sensing [24] are employed
to reconstruct an unknown process from experimentally measured data.

This work focuses on methodologies to directly tomograph the shapes, i.e., droplets
corresponding to quantum states and processes experimentally. This scanning-based
tomography approach was developed to measure the droplets corresponding to quantum

11
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states [14] and known unitary processes [16]. The procedures were implemented on
an ensemble state-based NMR quantum information processor [25], where expectation
values of observables can be directly measured [26]. In this work, we initially present the
adaption of this approach to experimentally implement state and process tomography
on a pure-state quantum computer. Subsequently, we extend this approach to unknown
processes. In contrast to an NMR quantum information processor, on a pure-state
quantum computer, expectation values are measured by many repetitions of projective
measurements on individual quantum systems [3].

1.4 Outline of this thesis

This work provides a comprehensive description of Wigner tomography for both quan-
tum states and known processes, along with its extension to address the previously
missing aspect of Wigner tomography of unknown processes. This thesis is structured
into three distinct parts: (i) Wigner quantum state tomography, (ii) Wigner tomography
of known quantum processes, and (iii) Wigner tomography of unknown quantum pro-
cesses. These sections encompass essential theoretical insights, detailed procedures for
applying tomography techniques on pure-state quantum devices, and the experimental
implementation for a limited number of qubits.

Chapter 2 Wigner quantum state tomography starts by introducing a scanning-based
tomography approach in Sec. 2.1, which plays a significant role in this work. Sec. 2.2
introduces a generalized procedure for Wigner quantum state tomography. Sec. 2.3
presents a general method for estimating a density matrix from experimental tomo-
graphed droplets. In Sec. 2.4, we present an experimental framework for performing
Wigner state tomography on a pure-state quantum computer for one and two-qubit
systems. This section also shows the results of the experiments performed on IBM
quantum systems. Sec. 2.5 presents a numerical study to compare the performance of
different sampling schemes for state tomography along with the standard tomography [3]
method. The Sec. 2.6 shows the usefulness of the DROPS tomography approach in
visually identifying the type of error directly using an example. In Sec. 2.7, we introduce
a Python package DROPStomo [27] for performing Wigner state tomography for single
and two-qubit systems on a quantum computer along with an example code for a
single-qubit system.

In Chapter 3, we start by presenting an approach to map a known unitary process
matrix onto a density matrix to extend the scanning-based tomography approach in
Sec. 3.1. Sec. 3.2 presents a generalized procedure for Wigner tomography of known
processes. Similar to Wigner state tomography, in Sec. 3.3, we present a method for
estimating unitary process matrices from the experimental droplets. In Sec. 3.4, we
provide an experimental framework and present the results for a single qubit system. We
provide an example code for the single qubit system for performing Wigner tomography

12



1.4 Outline of this thesis

for known processes using a Python package DROPStomo [27].

In Chapter 4, we first present the existing circuit to map an unknown process matrix
onto a density matrix and discuss the resulting blindspots in Sec. 4.1. Sec. 4.2 presents
the extended circuit for mapping scaled versions of the unknown process matrices onto
density matrices. In Sec. 4.3, we provide a generalized procedure for Wigner tomography
of unknown processes. Sec. 4.4 provides an algorithm to reconstruct an unknown process
from scaled process droplets. In this section, we explain the reconstruction algorithm
using different examples and present a variant with optimization. In Sec. 4.5, we
showcase the results of a numerical study for reconstruction algorithm with and without
optimization. Sec. 4.6 provides an experimental procedure for performing tomography
of unknown processes. We also discuss the experimental details, calibration circuits,
and the results for a single qubit system performed on IBM systems in Sec. 4.6.

Chapter 5 presents an adaptive approach to performing Wigner process tomography
and showcases it using multiple examples. We conclude in Chapter 6 by summarizing
and discussing the theoretical and experimental aspects of the tomography approaches.
Further technical details are deferred to the appendix. Appendix D presents the
experimental design and details of the tomography of unknown processes on an ensemble-
state-based NMR quantum information processor.
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Chapter
2 Wigner Quantum State Tomography

This chapter is based on the manuscript [28] and delves into the theory of Wigner
quantum state tomography. It explores a general experimental framework designed
for pure-state near-term quantum devices and presents the outcomes of experiments
conducted on IBM quantum devices.

In this chapter, our primary focus lies in experimentally scanning the Wigner rep-
resentations of a density operator, as detailed in Sec. 1.2.2. This is a special case of
quantum state tomography (QST), a vital tool in quantum computing and quantum
information processing. Since the beginning of the field, extensive work has been carried
out in this direction [29, 30, 31]. Recent studies use neural networks [19, 20], compressed
sensing [21], and classical shadow approach [17, 18] to extract information about an
unknown experimental state.

Here, we use a phase space [32] tomography approach, which is helpful in experimen-
tally visualizing quantum operators in finite-dimensional quantum systems. These, in
general, can be any quantum operators such as density operators, quantum processes
(propagators), etc. The following section describes the scanning-based tomography
approach, which is fundamental to the work presented in this thesis.

2.1 Scanning-based tomography approach

A general procedure for performing tomography in the context of Wigner representations
using a scanning approach is described in the study [14] (see results 1 and 2). Here, we
summarize this approach.

The following focuses without loss of generality on a system consisting of N qubits.
Consider a multi-qubit quantum operator A, which is also represented by a set of rank j
and label ¢ spherical droplet functions f() = > ic () fJ@) (8, ) as described in Sec. 1.2.
To distinguish the size of different matrices, here we refer to operators as AN, where
N is the number of qubits and therefore, the operator AN is represented by a matrix
of size 2V x 2V The main goal here is to experimentally reconstruct a spherical droplet
function fj(z) representing a quantum operator A and this can be done by experimentally
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estimating the scalar products of rotated axial tensor operators 1}-(2[[3]\[}

AW where

with operator

4 l
T( )/[BN] R([x]\ﬁf] (T(O))[N} (R

7 J

N

U (2.1)
The term (Tj( ) )[N l'is the rotated version of axial tensor operators (Tj(é))[N I of rank j
and order m = 0 The rotation operator is given by

R%] = exp(—ianz[N])eXp(—iBngN}) (2.2)

where F, = 3 Zk 1 U[N] and F, = 3 Zk 1 a,[C J. The rotation operator Rl ﬂ} corresponds

to a rotation around the y axis by polar angle g € [0, 7] followed by rotation around
the z axis by azimuthal angle a € [0,27). Here we use the shorthand notation
O =1® - 10,31 ®---®1, where o, is located on the k™ position and
a € {x,y,z}. For given angles § and «, droplet function f]@) can be calculated by

£9(8,0) = sy(T | AWy, (2.3)

which can be equivalently written using a shorthand notation as
¢ 0[N
178, 0) = s (T am, (2.4)

where, s; = 1/(2j +1)/(4m) and the scalar product ( [N |AIN]) is expressed as the

()[

expectation value of Ty I for the density operator A[N ]

(T sy = te{ (L) A} (2.5)

J,aB Jex

Note that axial tensor operators are Hermitian, i.e., (IBK’QEN])T = (Tj( )[N]) [14].

For the experimental reconstruction of droplet functions f]@ (8, ) using the scanning
approach, a multitude of choices for the set of sampling angles 5 and « can be used.
Fig. 2.1 illustrates three such sampling techniques: equiangular, REPULSION [33], and
Lebedev [34]. For simplicity, in the demonstration experiments shown for state and
known process tomography, an equiangular grid is used, and a numerical study using
more sophisticated sampling techniques is presented and discussed in Sec. 2.5.

2.2 Procedure for Wigner quantum state tomography

In this section, we first present a generalized algorithm for performing Wigner quantum
state tomography and then elaborate on each step individually. A general step-wise pro-
cedure (Fig. 2.2) to experimentally measure a spherical droplet function f;g representing
a density matrix piNl = [ ™) (V] is the following:
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2.2 Procedure for Wigner quantum state tomography

Figure 2.1: Examples of different sampling techniques on a sphere for scanning purpose (from
left to right): equiangular, REPULSION [33], and Lebedev [34]. The grid points are plotted
as dots on the sphere (faded dots represent grid points located at the rear side of the sphere).
Expectation values are computed for specified points on the sphere to reconstruct the spherical
functions representing a quantum operator A, as described in Eq. 2.4.

1. Preparation (P): Prepare the desired quantum state pl™ from a defined initial
(V]
state p; .

2. Rotation (R): Rotate the density operator pN inversely for scanning.

3. Detection-associated rotations (D): Apply local unitary operations to measure
]

expectation values of Pauli operator components of axial tensor operators 7}(5)[]\[
(see Table 2.1) that are not directly measurable.

These steps are repeated for the set of angles § € [0, 7], « € [0,27] and for different
local unitary operators u, (vide infra), rank j, and label ¢ to experimentally scan the
droplet functions f]@). In the rest of this section, we elaborate on each step of the
presented algorithm.

Step 1: The first block of the algorithm, ‘Preparation’, can be achieved by applying
unitary operations depending on the initial and the desired state.

Step 2: Since our operator of interest is a density matrix plV, Eq. 2.4 takes the
following form:
¢ 0N
1578, 0) = sy (T m. (2:6)

Instead of rotating the axial tensor operators Tj(g) M a5 shown in Eq. 2.1, it is equivalent

(and experimentally more convenient) to rotate the density matrix pV) inversely, such
that:
11708, @) = (T ™), (2.7)
where
N = (R%])_lp[N]RE\Q. (2.8)
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q1
q2
g3

increment o, 3

increment n
increment j

increment ¢

Figure 2.2: Schematic for the Wigner quantum state tomography algorithm. In general, the
algorithm consists of three key blocks, namely Preparation (P), Rotation (R), and Detection-
associated rotations (D), which act on qubits ¢1,¢e, ...,qn and are followed by projective
measurements. The lower part of the figure shows the evolution of the density matrix after
each block. The algorithm is repeated for all desired combinations of parameters.

The axial tensor operators (Tj(g)) are explicitly given in [1, 13] for systems consisting of
up to six qubits. Table 2.1 summarizes the axial tensor operators for one and two-qubit
systems.

Step 3: Depending on the number of qubits N and rank j, the axial tensors Tj(g)
consist of different Pauli operators (see Table 2.1), but it might not be possible to
measure these components directly depending on the specific quantum computing
hardware. In a typical pure-state quantum computing device, the measurement is done
along the z axis, which implies that the directly measurable operators are: 1, o1,,
09, and 01,09,. In this case, measuring expectation values of non-directly measurable
operators can be achieved with the help of local unitary operations u,. For example,
consider the expectation value (Tf32)> 5(8,a) given by:

1
12
<T1(0 )>ﬁ(ﬁ7a) = 2\/5(013302@, - J1?/‘72”E>ﬁ(ﬁ,oz)

1

v (2.9)
2_ﬂ<01w02y>ﬁ(ﬁ,a) - m<01y02z>ﬁ(5,a)'

In the first term (n = 1) of Eq. 2.9, the expectation value (01,02;)5(3,a) needs to be
determined. This can be achieved by measuring instead the expectation value

<U1z02z>,31([3,a) = <01x02y>ﬁ(6,a)7 (2~10)

where
(B, a) = urp(B, e)ul. (2.11)
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2.2 Procedure for Wigner quantum state tomography

Table 2.1: Axial tensor operators T](é) for one (N = 1) and two (N = 2) qubit systems.

N Ty
L0 0 Ty =L1)
11Ty = Z5(02)
2 9 0 T =11
11 T1((1)) = %(Ulz)
2 1 T4 = (o2)
12 0 T(%m = 7( 12022 + 01902y + 01,022)
12 1 Tl((1)2) = T(leagy T1y02z)
12 2 Tz%2) = T\/g(o_le—Zw + 01409y — 201,02;)

The density operator pi(/3, «) is obtained from j(/3, «) by applying a —m/2 rotation
around the y axis (for bringing the z axis to the z axis) to the first qubit and a 7/2
rotation around the z axis (for bringing the y axis to the z axis) to the second qubit.

This corresponds to the local unitary transformation u; = ((Ro,gfl@ﬂ) ~(]1®(ng%)*1).

Similarly, in the second term (n = 2) of Eq. 2.9, the expectation value (01y09¢) 5(8,a)
needs to be determined. This can be achieved by measuring instead the expectation
value

<Ulza2z>ﬁ2(,8,o¢) = <O-1yo-2x>ﬁ(,6’,a)) <212>

where
pa(B,a) = ugp(B, a)ub. (2.13)

The density operator ps(f,a) is obtained from p(f,«) by applying a 7/2 rotation
around the x axis (for bringing the y axis to the z axis) to the first qubit and a —m/2
rotation around the y axis (for bringing the x axis to the z axis) to the second qubit.
This corresponds to the local unitary transformation ug = ((Rz =)~'®@1)-(1®(Ro x)™").

Overall, for ¢ = {12} and j = 1, the droplet function from Eq. 2.7 can be expressed
as

028, 0) = 51<Tfé”>ﬁ<ﬁ, )

2.14
2\/— UleQZ 1(B,a )+ <0_120—2z>ﬁ2(5,a))~ ( )

Hence, only projective measurements along the z axis are required.
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2 Wigner Quantum State Tomography

2.3 Estimation of a density matrix from the droplet functions

In this section, we explain how the matriz form of a density operator can be estimated
based on its experimentally measured DROPS representation. A general N-qubit
density matrix [3] can be expressed in terms of Pauli operators as:

3 3 3
p[N] :ZZ”'ZTO‘[)'"Q(U&(@U&’@'”®0-g)7 (215>

a=0b=0  g=0

where oq is 1 (the 2x2 identity matrix), while o, 09, and o3 are Pauli matrices o, 0y,
and o, respectively as defined in Eq. 1.11. The terms 744 are real coefficients. Given
the DROPS representation of a density operator, these coefficients can be computed
by calculating the scalar product between basis droplets (ideally simulated without
noise) and experimental droplets [14]. The basis droplets can be generated using the
definitions provided in supplementary Sec. A.1 for one and two qubits.

The scalar product between two tensor operators can be approximated by the
discretized scalar product between their droplet functions; see supplementary Sec. A.2.
In the general case of a droplet f4 with complex values f4(6;, ;) and another droplet
fB with complex values fg(0;,¢;) at the grid points, the scalar product or overlap
between the two droplets is given by

r=(falf) = sz‘ffx(ei,cbi)fB(eu@)a (2.16)

where [%(0;, ¢;) is the complex conjugate of f4(0;, ¢;) and w; are the sampling weights.
The sampling weights w; reflect the relative surface area represented by each sample
point, which depends on the distribution of the sample points on the sphere for a chosen
sampling scheme (see Fig. 2.1 for different sampling choices on a sphere).

The sampling weights for an equiangular grid are discussed next, and the sampling
weights for other sampling techniques, such as REPULSION and Lebedev, are available
in [35] and [36], respectively.

Sampling weights for an equiangular grid

Considering an equiangular grid, where the sample points are equally distributed along
polar (6 € [0, 7]) angles as:
O = (k —1)d, (2.17)

for k =1,2,..., M + 1. The points are distributed along azimuthal (¢ € [0,27)) angles
as:

¢ = (I —1)d, (2.18)
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2.4 Experimental implementation of quantum state tomography

forl=1,2,...,2M, where M is a constant and d = % is the angle increment. In this

case, the part of Eq. 2.16 can be written in the form

(falfB) =D wia fa(Ok, &) f5(0k, 1) (2.19)
P

At the north pole (where k& = 1, corresponding to ¢; = 0) and at the south pole (where
k = M + 1, corresponding to 0p;11 = ), the weights are

1 d
- — |1 —cos(2)]. 2.2
Wi = WAr4+1, PYYi [ COS<2>] (2.20)

For all other sampling points, the weights are given by

— L feos(s _d)_ (0 +d)
Wk’l—4M CcOos| Ug 9 Ccos| Ug 5

where 0y, is given in Eq. 2.17. In Eq. 2.20 and Eq. 2.21, [ runs from 1 to 2M and in
Eq. 2.21, k runs from 2 to M.

: (2.21)

In the experiments, for redundancy, for each polar angle 6, we measured not 2M but
2M + 1 phase angles ¢; for sampling points, i.e., according to Eq. 2.18 the phase angle
Ponrr1 = 2m and hence corresponds to ¢1 = 0. This can be simply taken into account
by scaling the weights by half for these specific points, i.e., Wi 1 = Wi onm+1 = %W;{’l,
where wy; is given in Eq. 2.20 and Eq. 2.21.

Fidelity estimation

Based on the estimated experimental density operator pl, the state fidelity (Fy) [37]
with which a desired state pl[tN} has been reached can be calculated using the normalized
scalar product:

tr(p™ i)

- N
Vir((p2)r((p2)
The next section focuses on the experimental implementation of the presented algo-

rithm for one and two-qubit systems and showcases the experimental results performed
on IBM quantum devices.

Fs . (2.22)

2.4 Experimental implementation of quantum state tomography

This section explains how the Wigner quantum state tomography algorithm can be
implemented on an experimental pure-state near-term quantum device. For concrete-
ness, we will present the implementation using Qiskit [38], an open-source quantum
development platform for simulations and experiments. Wigner state tomography
can be used directly for one- and two-qubit systems using the Python-based software
package DROPStomo [27], which is presented in Sec. 2.7.
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2 Wigner Quantum State Tomography

2.4.1 One qubit

For a system consisting of one qubit (N = 1), there are only two possible values for the
rank j: j =0 for £ = {0} and j =1 for £ = {1}. Hence, the single qubit density matrix

U]

pl represented by spherical functions fow and fl(l) can be reconstructed by measuring

the expectation values from Eq. 2.7 as

13" (8,0) = \/;«Té?))“%m,
(2.23)

17(8.0) = @«Tf&b“%m.

Substituting the explicit form of the tensor operators 7| o((a))) and Tl(é) from Table 2.1 gives

(8, 0) = 817T<]1>,3[11,

fl(l) (57 O() - \/8?7T<O-Z>p~[1] )

where 1 is the 2 x 2 identity matrix. The required expectation values can be computed
directly on a pure-state quantum computer based on the outcome probabilities pg and
p1 corresponding to state |0) and state |1) respectively:

(2.24)

(1) =po+m

(02) = po — 1. (2.25)

The probabilities pg and p; can be experimentally measured by repeating an experiment
multiple times, where the number of repetitions is also referred to as number of shots
N. We discuss this in more detail in supplementary Sec. A.3. In the considered case,
the detection-associated rotation (D) step is not required.

The probabilities py and p; required for computing the expectation values for droplets
é@) and fl(l) can be measured in the same experiment; hence the algorithm presented
in Fig. 2.2 does not require to be repeated for rank j and label /.

The Fig. 2.3 explicitly shows the quantum circuit for performing state tomography of
a qubit in state [¢)) = %(\O} +{1)). As shown in Fig. 2.3, this state is prepared from
the initial state |¢;) = |0) using U3(%,0,0) (alternately, a Hadamard gate could be
used). This preparation step is followed by the rotation step R which is implemented by
U3'(83,a,0) = Us(—p,0, —a). In the experiments, we used 8 values of polar (3) angles
and 15 values of azimuthal («) angles. Therefore, the quantum circuit is repeated 120
(=8-15) times.
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|
g1 :—{Us(%,0,0) U3 (8, 0, 0)

71
| I T
Figure 2.3: Quantum circuit for Wigner state tomography corresponding to a state |1)) = %.

The first and second block of the circuit corresponds to the Preparation (P) and Rotation
(R) step of state tomography from left to right. The superposition state is prepared from the
initial state [1); = |0). The Us gate used in the circuit is discussed in Sec. 1.1.3.

Fig. 2.4 shows the plots of corresponding simulated and experimental expectation
values (o) ;n for all combinations of scanning angles 3 = (k — 1)1 and o = (I — 1):
where k =1,2,...,8 and [ = 1,2,...,15. Fig. 2.4a shows the ideal expectation values
with no noise, Fig. 2.4b shows the simulated expectation values with shot noise for
number of shots Ny, = 8192, and Fig. 2.4c shows the experimental expectation values for
the same number of shots Ng. The rank j =0 ( fé@)) component is a sphere (indicating
the identity droplet) which is not shown here. The right panel of Fig. 2.4 shows the

corresponding tomographed droplets.

The single-qubit state tomography experimental results are illustrated in Fig. 2.5
for different quantum states. To avoid redundancy, Fig. 2.5 only shows the plot of the
rank j = 1 droplets, as the rank j = 0 droplet is a sphere of radius {/1/(87) in the
single-qubit case. These experiments were performed on the ibm_lagos device with
N, = 8192 shots per sample point, i.e., for every combination of angles # and «. The
simulated droplets shown in the results are plotted with high resolution, whereas the
experimental droplets are interpolated between the experimentally determined sampling
points using the Matlab surf function [39].

Based on the experimentally tomographed droplet functions fém and fl(l), the corre-
sponding density matrix can be estimated as discussed in Sec. 2.3. For a single qubit,
the density matrix can be expressed in terms of Pauli operators as

3
p[l] = Z rLOk. (2.26)
k=0

To compute the coefficient rg, a scalar product is calculated using Eq. 2.16 between the
ideal basis droplet (f,,) and the experimentally tomographed fém) droplet:

ro = (fol £ (2.27)

To compute the remaining coefficients ry, for & € {1, 2,3}, we calculate the scalar product
between all ideal basis droplets with label £ = 1, rank 7 = 1, and the experimentally
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Figure 2.4: The expectation values and the droplet corresponding to the rank j = 1 component
of a quantum state |¢) = %( |0) 4+ [1)): (a) ideal simulation, (b) simulation with shot noise,
and (c) experimental data. The expectation values are calculated for the combinations of eight
polar angles 8y, = (k — 1); and fifteen azimuthal angles oy = (I — 1);, where k =1,2,...,8
and [ =1,2,...,15. In the figure, for each value of k the azimuthal counter [ is incremented

from 1 to 15.

tomographed rank j = 1 droplet fl(l):

i = (foel V). (2.28)

The ideal basis droplet functions f,, are provided in supplementary Sec. A.1. Hence,
by calculating these overlap coefficients 7, an estimate of the density matrix can be
obtained using Eq. 2.26. Table 2.2 provides experimental state tomography fidelities
computed using Eq. 2.22 for different states considered in Fig. 2.5. The standard
deviations given in Table 2.2 were estimated by conducting the experiment three times
with the state |1;) = 0.885|0) + 0.466|1), for a reference.

2.4.2 Two qubits

For a two-qubit system (N = 2), there are four possible labels ¢, and based on
these labels, there are different ranks j as shown in Table 2.1. Therefore, for a two-
qubit system, the Wigner quantum state tomography requires measuring the following
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() (b) () (d)
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Figure 2.5: Experimentally tomographed (top panel) and simulated (lower panel) droplets

corresponding to quantum states: (a) |0), (b) |0>\‘;§|1>, (c) |0>\J;%|1>, and (d) 0.885/0) + 0.466]1).

Table 2.2: Experimental state tomography fidelities (Fs) corresponding to the desired single-
qubit quantum states [¢;), see Fig. 2.5.

|11) Fs

7(0) +11)) 0.9991+1 x 103
0) 0.9991+1 x 1073
75(10) +i[1)) 0.9992+1 x 103
0.8850) + 0.466|1) 0.9990£1 x 103

spherical droplets fy):

1
47

St
=

=

L
|

(TooH)?) e
(2.29)

= 1= Wy

for the identity droplet (j = 0, and ¢ = (), here 1 is the 4x4 identity matrix. For
droplets of rank j = 1, for each qubit (with labels ¢ =1 and ¢ = 2) we have:

3

A8, 0) = [ (T
| 47; ’ (2.30)
= Z\/;<O-1Z>ﬁ[2] ,
12 (8.0) = ﬁ (T 0
1 dr TR0 (2.31)
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2 Wigner Quantum State Tomography

For bilinear terms with label £ = 12, we have

1
1528, 0) =\ - (0™ )

X (2.32)
= m (012022 + 1402y + 01z02z)>ﬁ[2]
for rank j =0,
(12) 3 (1232
1 (Ba) = in ((T37) >,3[21
3 (2.33)
=1\ 5, (0102 = 01y02)) 5
for rank j = 1, and
12 5 12
£32(8.0) = | - (™)) s
(2.34)

1 /5
- 4\/; <(_le02z — O1y02y + 201ZU2Z>>ﬁ[Q]

for rank j = 2. Different Pauli operator expectation values are required in Eq. 2.29 to
Eq. 2.34, and some of them are not directly measurable. In this case, the last block of
the algorithm detection-associated rotations (D) is used, which is explained with an
example in Sec. 2.2. The rotations required for step D can be implemented in terms
of local Us gates (see Eq. 1.9). Similar to the computation of expectation values of
linear terms in Eq. 2.25, the expectation values of bilinear terms can be computed by
combining the outcome probabilities:

(1) = poo + po1 + pio + P11,

(2.35)
(012022) = Poo — Po1 — Pio + P11,

where pgp for a,b € {0, 1} is the probability corresponding to state |ab). Please refer to
supplementary Sec. A.3 for more information.

The Fig. 2.6 explicitly show the quantum circuits for a Wigner state tomography of
a Bell state [¢) = %OOO) + |11)), as an example. The different circuits in the figure
are used for calculating the different expectation values, which are then combined to
form a particular droplet function f]@). Hence, for a two-qubit Wigner quantum state
tomography, a maximum of five quantum circuits are required, which are repeated for
all combinations of values of the angles 5 and a. Two-qubit state tomography results
are illustrated in Fig. 2.7 and Fig. 2.8 for a Bell state |¢) = %(|00) +]11)) and state

|y = \%(|OO> +101)), respectively. The experiments were performed on a seven qubit
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2.4 Experimental implementation of quantum state tomography
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Figure 2.6: Quantum circuit set for a two-qubit Wigner state tomography of a Bell state
[y = %(|00) + |11)). The Bell state is prepared from the initial state |¢); = |00) by applying
the Hadamard (H) gate on ¢; followed by a controlled-NOT gate. The three blocks Preparation
(P), Rotation (R), and Detection-associated rotations (D) are shown here. Circuit (a) provides
the expectation values for the operators 1, 01,, 02, and 01,09,. Similarly, circuits (b), (c), (d),
and (e) provide the expectation values for the operators 01,095, 01y02y, 01202y, and 01,02,
respectively.

ibm_lagos device with Ny = 8192 shots per sample point, i.e., for eight polar angles
Br = (k— 1); and fifteen azimuthal angles oy = (I — 1)3, where kK = 1,2,...,8 and
I =1,2,...,15. The experimental example shown in Figs. 2.7 and 2.8 are plotted with

the same resolution. The high-resolution simulated figures for these two examples are
provided in Fig.1.6 and Fig.1.2.

Similar to the one-qubit system, the density matrix based on the experimentally
tomographed droplets can be estimated. The density matrix for a two-qubit system
can be expressed in terms of Pauli operators as

3

3
PP =3">"r(or @ o). (2.36)

k=01=0
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(a) Experimental
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Figure 2.7: DROPS representation of the Bell state [¢) = %(|00) + |11)). Experimentally,

tomographed droplets are shown in the upper panel (a), whereas the simulated droplets are
shown in the lower panel (b). The right panels show the respective bilinear droplet function
U2 (box) decomposed into its multipole contribution f](-m) with j € {0,1,2}. Here, both
experimental and simulated droplets are plotted with the same resolution.

The terms ry, with k,1 € {0,1,2,3} are real coefficients and can be calculated by
computing the scalar product between the droplet functions as shown in Eq. 2.16. To
compute rgg, the scalar product is calculated between the simulated ideal basis droplet
(foo) with label £ = ), rank j = 0 and the experimentally tomographed droplet function

é(?)) as,

ro0 = (foo | F7). (2.37)

To calculate the coefficients 7 for k € {1, 2,3} the scalar product is computed between
all ideal basis droplets with label £ = 1, rank 7 = 1 and the experimentally tomographed
droplet fl(l):

rio = (ol 17). (2.38)
Similarly, the coefficients ro; for [ € {1,2,3} can be computed by calculating the scalar

product between the ideal basis droplets of label £ = 2, rank 5 = 1 and experimentally
tomographed droplet f1(2):

ror = (fon | F7). (2.39)

The remaining bilinear coefficients ry,; for k,1 € {1, 2,3} can be calculated by computing
the scalar product between the ideal bilinear basis droplets fy,,s, With the sum of the
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Figure 2.8: DROPS representation of the state |¢)) = %(\00) +(01)). Experimentally,
tomographed droplets are shown in the upper panel (a), whereas the simulated droplets are
shown in the lower panel (b). Right panels show the respective bilinear droplet function
12 (box) decomposed into its multipole contribution f;lz) with j € {0,1,2}. Here, both
experimental and simulated droplets are plotted with the same resolution.

experimentally tomographed droplets fém) 1(12), and f2(12):

i = Foon | f62 + 117+ 152). (2.40)

The ideal basis droplets are provided in the supplementary Sec. A.1. Hence, by
calculating these coefficients for every value of k£ and [, a density matrix can be
estimated using Eq. 2.36 and the state fidelity (Fs) can be computed using Eq. 2.22.
Table 2.3 provides the experimental state fidelities of two-qubit examples. The standard
deviation given in Table 2.3 was estimated by conducting the experiment three times
with the state |¢;) = %(|OO> + [11)), for a reference.

Table 2.3: Experimental state fidelities (Fs) corresponding to desired two-qubit quantum state
[1)4), see Fig. 2.7 and Fig. 2.8.

) F,
75(/00) +[11)) 0.9989+1 x 10-2
75(/00) +101)) 0.9982+1 x 1073
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2 Wigner Quantum State Tomography

2.5 Scanning using different sampling schemes: a numerical study

Scanning is a key step in the Wigner tomography approach, and hence, choosing a
suitable sampling scheme on a sphere is important. This is a topic of interest in the
general field of signal processing [40], and a number of different sampling schemes have
been proposed in the literature.

In the ideal case of negligible experimental noise, only a small number of sampling
points would be necessary to determine the correct expansion coefficients of spherical
harmonics as each droplet function is band-limited [41, 16]. An advantage of using
a large number of sampling points is to obtain a direct view of the experimentally
measured droplet shapes without additional signal processing steps, such as the extrac-
tion of expansion coefficients of spherical harmonics or the estimation of the matrix
representation of an operator. Note that a larger number of sampling points N, does
not necessarily entail an increase in the total number of experiments Ny (= N, - N;)
because the number N; of shots per sampling point can also be adapted to each sam-
pling scheme. In the following, we compare the performance of different sampling
schemes for (approximately) the same total number of shots (Vi) given by the product
of the number of sampling points (N,,) and the number of shots per sampling point (Nj).

In Fig. 2.9, the mean fidelity (F,) of the tomographed state is shown as a func-
tion of the total number of experiments for the Lebedev [34], REPULSION [33], and
SHREWD [42] sampling schemes along with the simple equiangular grid and the stan-
dard tomography method [3, 43]. For more detailed information, including standard
deviations, see supplementary Sec. A.4. For this study, only the noise due to a limited
number of shots is considered. In the simple case of an equiangular grid [44, 45] of eight
polar angles 3 € {0, %,...7} and fifteen azimuthal angles o € {0, 2r ...27m} as shown
in Fig. 2.1a, the total number of grid points is 120. For Lebedev, REPULSION, and
SHREWD, 110 grid points were used. Since the number of sampling points in both
cases is similar, for simplicity, the same number of shots per sampling point was chosen.
In contrast, for the standard tomography method, only three measurement settings
are required for the case of a single-qubit. The forty-fold decrease in the number of
sampling points was compensated by correspondingly increasing the number of shots
per measurement setting by a factor of 40 to arrive at the same total number of shots
Nyt as in the previous cases.

In the supplementary Sec. A.4, the result of the same study for the state |¢) =
%(|0> + [1)) is provided. The plots indicate that the mean fidelity differs depending on
sampling techniques and tomography methods and also show that an equiangular grid is
not an optimal choice, as expected because the density of grid points is higher near the
poles compared to the equator of the sphere. This numerical study is expected to help
make an informed choice of the sampling scheme for quantum computing applications
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2.6 DROPS for visualizing errors
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Figure 2.9: Plot of the mean fidelity (Fs) as a function of the total number of shots (Nyy) for
different sampling techniques and for the standard state tomography method applied to the
quantum state 1)) = (—0.69 — 0.098:)|0) + (0.66 + 0.30¢)|1). The mean fidelity is calculated by
repeating the simulation 100 times for each data point. In the simulation, only the noise due
to a limited number of shots is considered. The corresponding plot with standard deviation is
available in supplementary Sec. A.4.

in which an estimate of the quantum state with high precision is required.

The Spinach [35] software was used to generate angles and weights for the REPUL-
SION and the SHREWD sampling techniques. For standard state tomography, the
maximum-likelihood estimation (MLE) method [46, 47] was used on the numerical data
to estimate a valid quantum state. We used the corresponding qiskit [38] classes to
perform the standard state tomography based on the MLE method.

2.6 DROPS for visualizing errors

Quantum devices are prone to different kinds of errors both in the implementation of
desired states and quantum gates. Here, we focus on the example of rotation errors,
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2 Wigner Quantum State Tomography

e.g., due to errors in pulse calibrations, etc. Visualizing or identifying these errors
directly is useful in quantum information processing. Here, we show how the DROPS
representation is helpful to achieve this. As described in the caption of Fig. 1.2, the
radius (distance from the origin to a point on the sphere) of a droplet represents the
absolute value of a droplet function ¥, and color represents the phase ¢ = arg[f (Z)].
In addition, the direction of a qubit droplet reflects the direction of the Bloch vector for
quantum states (see: Fig. 1.2 and 2.5) and of the rotation axis for single-qubit quantum
gates (see Fig. 3.3).

As an example, we show the experimental tomography result of the desired quantum
state i) = %(|OO) +101)) with some error in the state preparation. We deliberately
introduce an additional rotation of Us(7/12,0,0) on qubit ¢1, and Us(7w/9,7/12,0)
on qubit ¢y in the preparation step. Fig. 2.10a shows that these kinds of errors are
directly visible in the DROPS representations as misalignment of the linear droplet
functions f) and £ compared to the ideal (without rotation errors) case shown in
Fig 2.10b and experimental tomography results of the case without rotation error shown
in Fig. 2.8.

8 (b) Real 8
: x
‘ I 0.5
i £ 0 7 F2

¢ 0.5 ¢
L. - e |
Y < y x

7o b Fo S

_ f(§12)+ f1(12)+ f_)(u)

= e g g

&_.+.+x x:0+°+x

Figure 2.10: Standard skyscraper and DROPS plot for the state |¢)) = %(|00> +101)). (a)

Experimental tomographed droplets with additional rotations of Us(7/12,0,0) on qubit g1,
and Us(7/9,7/12,0) on qubit g2 in the preparation step. (b) Simulated droplet plots with
no rotation error. The DROPS plot (right block of (a) and (b)) also shows the respective
bilinear droplet function f(12) (box) decomposed into its multipole contribution f;lz) with
j€{0,1,2}.

Note that such a direct physical interpretation of the error terms is not possible using
the standard skyscraper visualization [3] of the density matrix (left block of Fig. 2.10a).
In Fig. 2.11, we also show the droplet plots from a different perspective to emphasize
the misalignment errors.
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Figure 2.11: Different perspective of the DROPS visualization of the density matrix corre-
sponding to the state |¢) = %(|00> +|01)): experimental tomographed droplets with rotation
errors (left) and simulated droplets with no errors (right).

2.7 Performing WQST on near-term quantum devices using
DROPStomo

DROPStomo [27] is a Python-based software package for performing Wigner Quantum
State Tomography (WQST) for one two-qubit system and process tomography for
a single-qubit system. With DROPStomo, users can simulate (on a simulator or on
quantum hardware) and analyze the tomographed droplets interactively. The package is
based on the Qiskit framework [38]. However, it is straightforward to adapt it to other
frameworks. The packages DROPStomo can be installed using the following command:

# install the package
pip install DROPStomo
Here, we give a code snippet for performing Wigner state tomography for a one-qubit
superposition state ) = % for eight polar angles 8 € [0, 7| and fifteen azimuthal

angles o € [0, 27].

# import the required modules
from DROPStomo import WQST1Q

s from DROPStomo import WQST2Q

# kkInput*kx

# Gate for state preparation.

Up = U3Gate(theta=pi/2, phi=0, lam=0)
# Resolution for scanning

res_beta= 8

res_alpha = 15

# Define target density matrix

rho = np.matrix([[0.5,0.5],[0.5,0.5]])
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# Prepare quantum circuits for tomography

5 circ_q = WQST1Q.WQST_1Q_circuits(res_beta,Up)

- # Provide a simulator or a quantum hardware. For example:

simulator = Aer.get_backend(’qasm_simulator’)
# Run quantum circuits on a simulator or on a quantum hardware.
WQST1Q.WQST_1Q_runner(res_theta,circuits=circ_q,device=simulator,shots

=8192,inter=1,rhoT=rho)

# skkQutputrrsk

+ # Experimental tomographed droplets (non-interactive, if inter=0 and

interactive, if inter=1).

5 # Experimental expectation values.

# Experimental density matrix with state fidelity.

We provide the extended tutorial codes for one and two-qubit Wigner state tomography
in our repository [27].
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Chapter

3 Wigner Tomography of Known
Quantum Processes

This chapter is based on the manuscript [28] and presents an approach to perform
Wigner tomography of known quantum processes.

In general, process tomography [3, 22, 48] is a technique used to characterize a
quantum process based on experimentally measured data. Here, we focus on directly
scanning the droplets corresponding to a unitary process. The considered unitary
processes could refer to quantum gates, time evolution operators, or pulse sequences.
Leveraging the theory and experimental framework established for ensemble-state-based
NMR quantum computers in Ref. [16], we adapt this methodology to the domain of
pure-state quantum computing. This chapter delves into the method for mapping a
known unitary process matrix onto a density matrix, the procedure of Wigner tomog-
raphy of known quantum processes, a general experimental framework tailored for
pure-state near-term quantum devices, and the results of experiments conducted on
IBM quantum devices.

As detailed in Sec. 2.2, if the operator of interest is a quantum state or a density
operator represented by plM . the spherical droplet function f]@) (B, ) can be measured
experimentally. In the case of process tomography, our operator of interest is an N
qubit quantum process UV, Tt is possible to scan the Wigner representation of an
arbitrary operator AN if it can be experimentally mapped onto the density operator.
The following section presents the algorithm for Wigner process tomography based on
a method to map a unitary process matrix onto a density matrix [16, 49, 50, 51].

3.1 Mapping of a known unitary process matrix onto a density matrix

Mapping a general unitary matrix UV onto a Hermitian density matrix of the same
dimension is not possible. Here, we double the dimension of the density matrix by
using an additional ancilla qubit gy and by a controlled process cUNt1 operation
we inscribe the unitary UV (and its adjoint (UIVDT) in an off-diagonal block of the
density matrix pV+! as shown below. Under cUN*, the unitary UM acts only on
the target qubits ¢, ..., ¢y if the control qubit ¢, is in state |1). The corresponding
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matrix representation of the controlled process cU™N*1 is
1T o]
N+ <0[N] SR (3.1)

where the top diagonal block corresponds to a 2%V x 2V dimensional identity matrix 1]
and the lower diagonal block is the unitary UMV, The off-diagonal blocks are 2V x 2N
dimensional zero matrices.

As shown in [16] for ensemble quantum processors, U [Nl can be mapped onto the
density operator pV 1 by preparing the ancilla (control) qubit ¢, in the superposition
state %OO) + |1)) and the remaining system qubits ¢, ..., ¢y in the maximally mixed
state. Hence, the prepared density operator is

A = 210 + 1) (f0] + 1) @ e (1),
1 (mm 1[N1> (3:2)

~ N+t (1IN IV

and the density operator after application of cUN*1 is
pi T = N Y U N, (3.3)

which can be rewritten in block matrix form as

v+ 1 1.V (U[N])T
Pu B ED) (U[N} 1] . (3.4)

Using this approach, the unitary U™ is now imprinted onto the density operator pN+1
of the augmented system. Since the experimental implementation of a controlled process
cUWH requires the knowledge of U, this version of Wigner process tomography
described here is in general only applicable for known processes [16]. The next section
describes the procedure for performing Wigner process tomography experimentally.

3.2 Procedure for Wigner quantum process tomography

In this section, we first present a generalized algorithm for performing process tomogra-
phy and then explain each step individually for pure-state quantum processors. A droplet
function fJ@ representing an N qubit quantum process UV can be experimentally
measured using the following steps (see Fig. 3.1):

1. Preparation (P): Prepare ancilla qubit ¢, in the superposition state %(|0) + 1))
and effectively create the maximally mixed state of the system qubits ¢,..., gy
by temporal averaging.
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2. Mapping (M): Implement the cU IN+1] pperation to map the process U onto
[N+1]
pu -

3. Rotation (R): Rotate the system qubits ¢, ..., ¢y inversely for scanning.

4. Detection-associated rotations (D): Apply local unitary operations to measure
required expectation values of Pauli operator components of axial tensor operators

Tj(g) (V] (see Table 2.1) that are not directly measurable.
These four steps are repeated for a set of angles 8 € [0,7] and « € [0,27] and for

different n, rank j and labels £ to calculate the droplet function fJ@ (B, a). The next
part elaborates on each step individually.

A
A
A
A
N+1__y JIN+1 N+1 N+1 ~[N+1])zz0
pE +1] pg < ]_)pgj ol ] ] gj: =

AAAA i
| P increment «, 3 i

! increment n
!
P increment j

increment ¢

Figure 3.1: Schematic of the presented Wigner tomography algorithm for known unitary
processes. The algorithm consists of four key blocks, namely Preparation (P), Mapping (M),
Rotation (R), and Detection-associated rotations (D) followed by measurements. The rotation
(R) block acts only on system qubits ¢,..., ¢y, whereas all the other three blocks act on
all the qubits ¢y, ¢, - .., ¢y- The lower part of the figure shows the evolution of the density
matrix after each block. The algorithm is repeated for all desired combinations of parameters.

Step 1: The algorithm starts with the initial state p; = 10...0)(0...0|. The state
po (Eq. 3.2) is prepared by applying a Hadamard gate to qubit go to achieve an equal
superposition. The maximally mixed state of qubits ¢q, ..., gy is created by temporally
averaging experiments for all the possible computational basis states by applying ap-
propriate local NOT gates (see supplementary Sec. B.2). We discuss this in detail for a
single-qubit system in Sec. 3.4.1.

Step 2: The operation cUN*1 used for mapping can be experimentally implemented
by decomposing it into elementary gates [52] or using pulse-level control methods [53, 54].
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Step 3: Since our operator of interest is an N-qubit unitary process matrix UM,
Eq. 2.4 takes the form

£7(8.0) = s{(Tas [UM). (3.5)

As shown in supplementary Sec. B.1, Eq. 3.5 can be rewritten as

117(8,0) = (0™ @ TG o, (3.6)
Similarly as in state tomography (Sec. 2.2), instead of rotating the axial tensor operator
7}%)[1\[}, we equivalently rotate the density matrix of the system qubits q;,..., ¢y
inversely, such that:

17(8,0) = sjo* @ TH™) v, (3.7)
where

oo = (R o TR, (38)

and R%H] =10 R[Of\g which corresponds to the rotation of only the system qubits

qi,-- -, qy for scanning. Using the relation o = (o, + i0,), Eq. 3.7 can be rewritten
in terms of Pauli operators as:

L Sj 0[N . 0[N
f}kﬁ,@;é(@@@ioﬂ 1>ﬁ5m] +i{oy @ T bﬁ[UNH]). (3.9)

Step 4: In analogy to the case of Wigner state tomography presented in Sec. 2.2,
the expectation values of Pauli operators, which are not directly observable, can be
measured with the help of local unitary operations u,, (detection-associated rotations).

3.3 Estimation of unitary process matrices from droplet functions

Similar to the estimation of density matrices in the case of Wigner state tomography 2.3,
unitary process matrices can also be estimated from the experimentally tomographed
droplets. A general N-qubit unitary process matrix can be expressed in terms of Pauli
operators [3] as:

3

AP
a=0

3
N Capg(0a @b @ @ y), (3.10)
b=0 g=0

where og is a 2x2 identity (1) matrix, while o1, 02 and o3 are the standard Pauli
matrices o, o, and o, respectively. The complex coefficients cgyp...4 can be computed by
calculating the scalar product between basis droplets (ideally simulated without noise)
and experimental droplets, as shown in Eq. 2.16. The basis droplets can be generated
using the definitions provided in supplementary Sec. A.1. Based on the estimated
process matrix UV, the process tomography fidelity Fis [55] can be calculated using

the relation: )
(@M@
U — 2N 3

(3.11)
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where Ut[N]

is an N qubit target unitary process matrix.

The next section focuses on the experimental implementation of the presented
algorithm for a single-qubit system and showcases the results of the experiments
performed on IBM quantum devices.

3.4 Experimental implementation of Wigner process tomography

This section describes the approach to implementing the above-mentioned Wigner
process tomography on experimental quantum devices. Here, we present the simulated
and experimental process tomography results performed on IBM quantum devices for a
pure state of an individual quantum system. The quantum circuits provided here are
general and can be directly adapted to other near-term quantum devices. The Wigner
process tomography can be directly implemented using the Python-based software
package DROPStomo [27] for a single-qubit system, which is presented in Sec. 3.5.

3.4.1 Single qubit system

For the Wigner process tomography of a single-qubit (N = 1) system, the total number
of qubits required is two (go and 1), where ¢ is an ancilla qubit and ¢ is the system
qubit. For a single-qubit system, the possible values of rank j are (c.f. Table 2.1):
j =0 for label £ = (), and j = 1 for label £ = 1. Hence, a single-qubit unitary process is
represented by the spherical functions fém and fl(l) , which can be calculated based on
the measured expectation values of Eq. 3.9 as:

1] 1 1 0 . 0
0 (B, @) = 5/ 1= (0w ® Tog"™) o + oy © Tog™) )

1 1 3 D1 . 11
(8,0) = 5 E(w” ® Ty ]>ﬁg1 +ifo, ® Thy! ]>ﬁg1)-

(3.12)

Substituting the explicit form of the tensor operators 7} ég) and Tl(é) from Table 2.1 gives

1 /1
f(w)(ﬂﬂ) = \/7 (00z) 21 + 1{00y) 121
0 4 27r( s v pU) -
ﬁ%@@—i%iammmﬁ+wmwmﬁ)

We first focus on the preparation step (P) of the algorithm, i.e., preparing qubits ¢, and
¢; in a state whose density matrix corresponds to Eq. 3.2 for N = 1. The preparation
of the ancilla qubit gy in the superposition state can be achieved straightforwardly by
applying the Hadamard (H) gate on go. The qubit ¢; requires to be prepared in a
mazimally mixed state. Preparing it directly in pure-state quantum computing is not
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possible. We use the temporal averaging approach [56, 57], where the experiment is
repeated for the set of computational basis states, and the average of measurement
outcomes is computed. For example, in the case of a single qubit (N = 1), the
maximally mixed state p%]m can be realized by simply repeating the experiment twice
(one experiment with the pure state |0) and another experiment with the pure state

|1)) and averaging the measurement results:

1 110 1 1
o tym_1 - 211, 14

More information on temporal averaging, alternative methods, and the proof of express-
ing the expectation value of mixed states as an average of expectation values of pure
states is detailed in supplementary Sec. B.2.

Interestingly, temporal averaging was initially introduced in quantum information
processing to mimic experiments of a pure state by averaging expectation values ob-
tained by measuring a set of experiments on (partially) mixed states of an ensemble
quantum processor [56]. In contrast, here experiments on the maximally mixed state of
the system qubits ¢, ..., ¢y are mimicked by averaging expectation values obtained by
measuring a set of experiments with pure states.

As an example, Fig. 3.2 shows the set of quantum circuits for process tomography
where the unitary operator of interest is the Hadamard gate (H). Hence, a controlled
Hadamard gate is applied in the mapping step (M) of each experiment in (a)-(d).
After the preparation step P, the system qubit ¢; is in state |0) for circuits (a) and
(c), whereas it is switched to |1) by applying a NOT (X) gate on ¢y in circuits (b) and
(d). The (temporally) averaged expectation values of experiments (a) and (b) provide
(00z) (and also (og,01,)). Similarly, the (temporally) averaged expectation values of
experiments (c) and (d) provide (og,) (and also (ooy012)).

Using Eq. 3.13, these expectation values can be combined to obtain the droplet functions

éw) and fl(l), see Fig 3.3 (first column) for the combined (f = fém + fl(l)) droplets
and Fig. 3.4 (first row) for the individual droplets fo(w) and fl(l). Fig. 3.3 also shows
experimental droplets of the NOT (X) gate and the process corresponding to a rotation

of 37“ around the y axis. The separate droplets fém and fl(l) forrank j=0and j =1
are provided in the Fig. 3.4.

The experiments were performed on a seven qubit ibm_lagos device with Ny = 8192
shots per sample point, i.e., for eight polar angles 8 = (k — 1); and fifteen azimuthal

angles al:(Z—l); where k= 1,2,...,8 and [ = 1,2,. .., 15.
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3.4 Experimental implementation of Wigner process tomography
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Figure 3.2: Set of quantum circuits for the Wigner process tomography of the Hadamard
(H) gate. The initial state of the qubits is [¢); = [00). The four blocks of the algorithm

preparation (P), mapping (M), rotation (R), and detection-associated rotations (U) are
explicitly shown here.

Based on the experimentally measured droplet functions féw) and fl(l), a process
matrix can be estimated (as shown in Sec. 3.3): any single-qubit unitary process can be
expressed in terms of Pauli operators [3] as

3
UM =3 o, (3.15)
k=0

with in general complex coefficients ¢ for k € {0, 1,2,3}. Using Eq. 2.16, the coefficients
cx, are obtained by calculating the scalar product between the basis droplets f,, (refer

to Sec. A.1.1) and the sum of the experimentally tomographed droplets fém and fl(l):

cr = (fre 0 + £, (3.16)

Table 3.1 summarizes the experimental process fidelities of the gates considered above.
The standard deviation given in Table 3.1 was estimated by conducting the experiment
three times for the NOT gate for reference.
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3 Wigner Tomography of Known Quantum Processes

Figure 3.3: Experimentally tomographed (top panel) and simulated (lower panel) droplets

s

for different quantum processes: (a) Hadamard gate, (b) NOT gate, and (c) [%]y rotation.
Refer to Fig. 3.4 for separate droplets of féw) and fl(l).

(a) Experimental (b) Simulated
"+ )= 10+ g (" + ")

Hadamard (H) J & '
NOT (X) “ - +“ “

0

1+

0 +'
P == L

071'27r
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O e O -ero
Figure 3.4: Experimentally tomographed (a) and simulated (b) droplets of different quantum

processes. The rank j = 0 droplet f(gw) and j = 1 droplet fl(l) are shown here. Both
experimental and simulated droplets are plotted with the same resolution.

Table 3.1: Experimental process tomography fidelity (Fy) corresponds to target quantum
gates U;. The corresponding droplets are shown in Fig. 3.3.

U, Fu

Hadamard (H) 0.9506 +1 x 1073
NOT (X) 0.9679+1 x 1073
%] ; 0.9407 £ 1 x 1072
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3.5 Performing WQPT on near-term quantum devices using DROPStomo

3.5 Performing WQPT on near-term quantum devices using
DROPStomo

As described in Sec. 2.7 for state tomography, similarly, DROPStomo [27] can be used to
perform Wigner process tomography (WQPT) for single qubit system on a simulator or
on a quantum hardware. The package can be installed using the following command:

# install the package
pip install DROPStomo

Here, we give a code snippet for performing Wigner process tomography for a one-qubit
system.

# import the required modules
from DROPStomo import WQPT1Q

# xxxInput*kx

# Gate to tomograph.

Up = U3Gate(theta=pi, phi=0, lam=0)
# Resolution for scanning
res_beta= 8

res_alpha = 15

# Define target process matrix

Up = np.matrix([[0,1],[1,0]1])

s # Prepare quantum circuits for tomography

circ_u = WQPT1Q.WQPT_1Q_circuits(res_theta,Up)

; # Provide a simulator or a quantum hardware. For example:
; simulator = Aer.get_backend(’gasm_simulator’)

# Run quantum circuits on a simulator or on a quantum hardware.

WQPT1Q.WQPT_1Q runner (res_theta, circuits=circ u, device=simulator,
shots=8192, inter=1, Ut=Up)

# xxx0Qutput**k

# Experimental tomographed droplets (non-interactive, if inter=0 and
interactive, if inter=1).

# Experimental expectation values.

# Experimental process matrix with process fidelity.
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Chapter

4 Wigner Tomography of Unknown
Quantum Processes

Building on the theory of the state and process tomography presented in the previous
chapters, this chapter presents the extension of the Wigner tomography to unknown
quantum processes.

The process tomography presented in Chapter 3 employs a mapping approach (refer
to Sec. 3.1) that maps an N qubit unitary process matrix U onto the N + 1 qubit
Hermitian density matrix plN*1 as depicted in the upper panel of Fig. 4.1. This
mapping approach uses a controlled process operation cUN*! and the experimental
implementation of which in general requires the knowledge of U [58, 59], limiting the

existing protocol of Wigner process tomography to known processes.

To address this limitation, we propose a novel quantum circuit that overcomes the
constraints of the previous approach. This new circuit utilizes an additional set of N
ancilla qubits and maps the scaled versions of an unknown N qubit process matrix
onto N + 1 qubit density matrices, as depicted in the lower panel of Fig. 4.1. This
mapping allows for the experimental tomography of spherical droplets corresponding to
scaled process matrices. Subsequently, these experimental tomographed droplets can
be combined in a classical post-processing step to extract the unknown process matrix
using the ‘reconstruction algorithm’ introduced herein.

In the following section, we initially discuss the circuit introduced in Sec. 3.1 designed
to map a known process onto a density matrix. Subsequently, we demonstrate the
process of mapping the scaled versions of an unknown process U N onto density matrices.

4.1 Theory for mapping an unknown unitary to density matrix

Here, we first revisit the circuit presented in Sec. 3.1 used for mapping a known process
onto a density matrix.

For mapping an N qubit known unitary process U N onto an N + 1 qubit Hermitian
density matrix p*! a circuit shown in Fig. 4.2 is used. This mapping requires
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4 Wigner Tomography of Unknown Quantum Processes

Process Matrix Density Matrix
(a) Known
1 1N (uivht
N
U] > g (g
(b) Unknown
1 1M e (Ut
< 20+ |, V] 1

Figure 4.1: Schematic representation of mapping an N qubit (a) known and (b) unknown
process matrix UV} onto an N 4 1 qubit density matrix, essential for Wigner tomography of
quantum processes. In the case of an unknown process UV, the scaled versions €, U™ are
mapped onto density matrices. The general form of scaling factor € is provided in Eq. 4.13.

preparing the control qubit ¢y in the superposition state %(\m + |1)). Under the

operation cUINH1 the process UM only acts on system qubits ¢ . .. ¢y if the ancilla
qubit go is in the state |1). The states |1g) and [11) in Fig. 4.2 are provided in Table 4.1
considering different initial states |1y, ) of the control qubit go. As mentioned, mapping
an unknown process matrix onto a density matrix using the circuit shown in Fig. 4.2 is
not possible, as the design of the controlled operation cUN*1 requires prior knowledge
of the process UM [58, 59].

|%ho) |%1)

Figure 4.2: Schematic representation of the controlled process operation cU [ , which is
employed to map a process matrix U [N onto a density matrix p[N +11. Here, ¢ is an ancilla
qubit and ¢, ..., gn are system qubits. See Table 4.1 for state [¢)g) and |¢1).

N+1]

Now, we discuss a new approach to map scaled versions of the unknown process
matrix onto density matrices. From here onward, we refer to U as an unknown
quantum process unless specified otherwise.

We are interested in mapping an unknown quantum process matrix onto a density ma-
trix. To achieve this, we have adopted a circuit discussed in Ref. [60, 59], as illustrated
in Fig. 4.3. In this case, for an N qubit system, mapping an unknown process matrix
requires additional N +1 qubits. Out of these N+ 1 ancillary qubits, gg is a control qubit.
The initial state of system qubits (¢1, ..., gx) and the ancilla qubits (¢{, ..., ¢%) are rep-
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4.1 Theory for mapping an unknown unitary to density matrix

Table 4.1: Evolution of the state after each block of the quantum circuit presented in Fig. 4.2
with different initial states |t)q,) of the control qubit go. Initially, the system qubits g1 ...qn
are in the state |¢s).

[) [a) = 10) | = 1) [Ya) = 75(10) + 1))
o) 095) 195) 5 (100) + [145))
1) 0%5) 1(U,)) 5 (1000 + 1(U))

o

a1

ar =

@

W) ) [ )

Figure 4.3: Schematic representation of a circuit for mapping an unknown unitary U™ onto
a density matrix with the inherent blind spots. Here, q1, ..., gn are system qubits and gg and
qf, ..., q% are ancilla qubits. The first and third block of the circuit is a controlled-swap gate
that swaps the upper (orange or dark gray) with the lower block (blue or light gray) only
if the control qubit g is in the state |1). The red barrier after the second controlled-swap
block indicates partial tracing out of the ancilla qubits ¢f, ..., g%. See Table 4.2 for the state
description after each block for different initial states of the control qubit gq.

resented by [¢s) and [1),), respectively. Table 4.2 illustrates how the state evolves after
each circuit block, considering three different initial states (|1/4,)) of the control qubit go.

Specifically, it demonstrates that when the control qubit gq is in either |0) or [1), i.e.,
in a computation basis state (classical state), the resulting state [iy4), after partially
tracing out the ancilla qubits ¢f, ..., q%, is identical to what would be expected in the
case of a controlled process circuit (Fig. 4.2), as outlined in Table 4.1.

Although it is tempting to assume that the block CSWAP-UWN(¢¢, ... ¢%)-CSWAP
shown in Fig. 4.3 implements cUN*U for arbitrary UM however, this is not the case
if qubit gy is not in a computational basis state [60, 59]. When ¢q is in an equal
superposition state, i.e., [1)g,) = \/Li(|0> + 1)), the state following the second controlled
swap gate (|t3)) is entangled. In this particular scenario, the partial tracing out of
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4 Wigner Tomography of Unknown Quantum Processes

Table 4.2: Evolution of the state after each block of the quantum circuit presented in Fig. 4.3
with different initial states |t)4,) of the control qubit (go). Initially the system qubits g1 ...qn
are in state |¢s), whereas the ancilla qubits ¢f ...q¢% are in state [ig).

1Y) |thg0) = 10) thg0) = 1) Ya) = 5(10) + 1))

o) 108 |1hatba) T (100st50) + 1105100} )

1) 09a) JRORTS L (100sa) + [10at55))

1) 00s(Ua))  [16a(U%))  Z5(1005(Ua)) + [18a(U)) )
[s) 00(Uva))  MO¥)Ya)  Z5(10%(Uta)) + [LUE)0))
|1h4)F |0%)s) [1(U1s)) non-pure state*

! The state vector description can only be written when |t,,) is either [0) or |1).
" See Eq. 4.5 for the case of a single-qubit (N = 1).

ancilla qubits ¢f, ..., ¢% from the remaining qubits qg, q1, ..., ¢y will result in a loss of
information. We now focus on a single-qubit (N = 1) system to understand the loss of
information.

QOI

q1—

qi = U —

[40) [41) [12) |1!ﬁ3>

Figure 4.4: The redrawn version of circuit in Fig. 4.3 for a single-qubit (N = 1) system. In
this figure, ¢; is the system qubit and ¢o and ¢f are ancilla qubits.

For a single-qubit (N = 1) system, a total of three qubits are required in this protocol:
o, q1, and ¢qf. We redraw the general circuit presented in Fig. 4.3 for N =1 in Fig. 4.4.
To facilitate the mapping of a process matrix onto a density matrix for Wigner process
tomography, initially, the control qubit ¢q is required to be in an equal superposition
state, while the qubits ¢; and ¢f are required to be in a maximally mixed state, i.e.,
P = o) (s] = 210 and P = o) (] = 1101 respectively. Hence, the density
matrix pg is:

2 0
3 (0 F N0+ (1) 1oy 1oy 1L
i 2 e T g g ) b
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4.1 Theory for mapping an unknown unitary to density matrix

After the first controlled-swap block, the density matrix p; = |t1)(¢1] is:
2 gl 2 o \T
! 02! swapm 0 02! swap[Q}
1 ]]_[2] Swap[Q]
“ 8 \swap? 1
The matrix form of the controlled-swap gate is provided in Eq. 1.14. The controlled-swap
gate is written as a block diagonal matrix. The matrix form of the lower diagonal block

swap is given in Eq. 1.12. After the operation 12 @ Ul (second block of circuit in
Fig. 4.4), one obtains

g (1MeUl 02 g (1M @ Ul 02 \'
2= g qugun | o2 gl gyl

1 ( 1.12] (1 @ UMswapl (111 (U[l])T))

(4.2)

— 8\ (@l @ UM)swap (11 @ (U1 12

(4.3)
The density matrix after the second controlled-swap block of the circuit in Fig. 4.4 is:
2] 2] (2] 2 \f
3 02 swap@ )2 \ 02 swapl?
1 12 (Uht @ yll
8\l @ ()t 12l '

(4.4)

8

After tracing out ancilla qubit ¢f (indicated by the red barrier in the circuit depicted
in Fig. 4.4), the density matrix is

o 1L 1 e (45)
Po=y\,.pom qu ) '

with scaling factor

c= ;tr(UT). (4.6)

In Eq. 4.5, ¢* is the complex conjugate of ¢. Eq. 4.5 shows that it is possible to map
the unknown single-qubit process UM onto the density matrix ﬁf} using the circuit
shown in Fig. 4.4 up to a scaling factor ¢ = %tr(UT). This scaling factor results from
the partial tracing out of the ancilla qubit from the entangled state in Eq. 4.5, leading
to a loss of information, as mentioned earlier. For example, in the case of a general
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4 Wigner Tomography of Unknown Quantum Processes

single-qubit rotation with rotation angle v and rotation axis 7 = (ngz,ny,n), given
by [3]

U = cos (;) 1—4- sin(l) (ngog + nyoy +n,0,), (4.7)

and since the Pauli matrices o,, 0,, and o, are traceless, the scaling factor is simply

¢ = cos (g) (4.8)

The mapping of a unitary operator U onto the off-diagonal blocks of ﬁf] in Eq. 4.5 is

lossless (corresponding to |c¢| = 1) only when the rotation angle is a multiple of 27 (i.e.,
v = 2n7 for n € Z). However, in the general case, the off-diagonal blocks of the density
matrix [)’f] are scaled down (|c|<1), which would result in a loss of signal-to-noise ratio
in the experimental tomography results. For example, for the vV NOT gate (which has a

rotation angle of v = 7), the scaling factor is only ¢ = \/g . In the case of processes for
which |c| approaches 0, the protocol given in Fig. 4.3 has actually blind spots, where no
information about the process of interest is obtained. This occurs whenever the rotation
angle 7 is close to an odd multiple of 7 (i.e., if v = (2n + 1)7 for n € Z), which, in fact,
is the case for many standard quantum gates like NOT (X), Y, Z, and Hadamard (H)
gates. In order to overcome these limitations and remove the blind spots inherent in the
approach, we extend the circuit presented in Fig. 4.3 and discuss it in the next section.

4.2 Modified circuit for mapping

To remove the blind spots caused by the circuit depicted in Fig. 4.3, we propose the
extended quantum circuit shown in Fig. 4.5. In this new circuit design, we introduce a
controlled rotation denoted as cQ,EN}, which exclusively operates on the ancilla qubits
q5,...,q% when the control qubit gy assumes the state |1).

For a system comprising of N qubits ¢i,...,qy, the circuit shown in Fig. 4.5 is
reiterated with varying rotations QkN], extending up to 4V repetitions. Here, ‘4’
refers to the number of elements in the Pauli operator basis for a system consisting
of N qubits. For instance, for a single system qubit (N = 1), k ranges from 1 to
4, since QE] € {o,0y4,0:,1}, ie., P = 0, g] = 0y, gé” = 0,, and QE] = 1.
Similarly, for a system with two qubits (N = 2), k spans from 1 to 16, as Q,[f] €
{o:@1,....1®04,...,0, ®0,,1®1}. In the general case, Gy may represent any
generic multi-qubit rotation.

Table 4.3 describes the state evolution after each block of the circuit displayed in
Fig. 4.5. This analysis is conducted under the initial conditions in which the control
qubit go is in the state |1)q,) = %(|O> + 1)), the system qubits ¢ ... gy are in the state
|ths), and the ancilla qubits ¢f ... q% are in the state [¢),).
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Figure 4.5: Circuit for mapping unknown scaled process matrices e, U™ onto density matrices
without introducing blind spots by repeating the experiments for different gates Gi. Here,
qi,---,qn are system qubits and qubits ¢o and ¢f, ..., ¢} are ancilla qubits. See Table 4.3
for the state evolution after each circuit block.

Table 4.3: Evolution of a quantum state after each block of a quantum circuit presented in
Fig. 4.5. Considering initially the control qubit gg to be in state [¢hy,) = \%(|0> + [1)), the
system qubits ¢ ... ¢y in the state |¢,), and the ancilla qubits ¢f ... ¢% in the state [i,).

|¥) [Ya) = J5(10) +11))

1) 7(|ows¢a> +[195a))

) (100t + [10as,)

1) L (100a(Uga)) + [1a(U)))
s) S (100aUa) + [1U%)a))
ey (100a(U%)) + (1) (Grtea)))

To understand it better, let us look at the density matrix calculations for a single-qubit
(N = 1) system. We redraw the circuit presented in Fig. 4.5 for a single qubit system in
Fig. 4.6. For N = 1 system, the circuit in Fig. 4.6 is repeated 4 times which corresponds
to rotation g,L” € {0z, 0y4,0:,1}, ie., QP] = 0, QE] = 0y, QE] =o0,, and g}l” =1. Let
us see how the additional block ¢Gy addresses the limitation of the previous circuit for
N =1 1in Fig. 4.4.

Under the cg,[cﬂ operation, the density matrix ps in Eq. 4.4 (corresponding to the
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Figure 4.6: Redrawing of the circuit depicted in Fig. 4.5 tailored for a single-qubit system

(N =1). This circuit maps single-qubit scaled process matrices €, U (1 onto density matrices,

(1]
1

repeating for £ = 1 : 4, corresponding to rotations g,[j] € {03,04,0:,1}, ie, = oy,

gg” = 0y, gg” =0, and Qé[ll] = 1. The associated scaling factors € are provided in Table 4.4.
state |13), i.e., after the second controlled-swap block of Fig. 4.6) is transformed to:

[2] [2] [2] [2] f
o 1 0 i 1 0
4 02 1ilggl)™ \o2 10g gl

1 102 (U @ Ul (g’[gl])T
8 \ul @ gyt 112 ’

(4.9)

where py = [th4) (14|

The density matrix ﬁg] = |v5) (15| after tracing out ancilla qubit ¢f (indicated by
the red barrier in the circuit depicted in Fig. 4.6) is:

o L1 G@h) (4.10)
= a\qum g ) '

which can be rewritten as:

(1 @
p51=4( : (4.11)

O/ S 18
where
Ul = U, (4.12)
and the scaling factor
1 1
o = 5 (UG = SOy, (4.13)

In Eq. 4.10, € represents the complex conjugate of €, and k ranges from 1 to 4. De-
pending on the rotation Gy, different scaled process matrices U k[}] defined in Eq. 4.12 are
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4.2 Modified circuit for mapping

mapped onto the off-diagonal blocks of the density matrix pgi in Eq. 4.11. In the case

where G = 1, the density matrix p[UQl in Eq. 4.11 is identical to ﬁf] in Eq. 4.5 and Eq. 4.6.

If the unitary operator U happens to be equal to G for a specific k, then ¢, = 1,
resulting in an exact (lossless) mapping of process U onto a density matrix ,051 This is
also evident in the state vector formalism provided in Table 4.3. In this context, when
Gr = U, the state [1)4) modifies to:

1

|¢4>/ = 2(|0¢3(U¢a)> + |1(U¢s)(U¢a)>)

_ L
2

S

(4.14)
(10¢s) + [1(Us))) @ (Ultha)),

ﬁl

indicating that the ancilla qubit ¢f is fully separable from the qubits gy and ¢;.

However, in general, where U differs from Gy, the state |1)4) remains entangled, leading
to the mapping of scaled process matrices Uy onto density matrices. The corresponding
scaling factors ¢ for different rotations Q,[j] are provided in Table 4.4 for a single-qubit
special unitary process matrix given as:

Um _ U1 U12 _ D+ZC B+ZA (4 15)
B U21 U2 B -B + 1A D —iC . .

Here UM is written using the usual representation of quaternions as complex 2 x 2
matrices [61], and for this matrix to be special unitary the real components A, B, C,
and D must satisfy the condition A% + B2 4 C? 4+ D? = 1. In Table 4.4, the second
column presents the scaling factors in terms of matrix elements wuq1, w12, uo1, and uss,
while the third column expresses them in terms of quaternions A, B, C, and D. The
resulting scaled matrices U ,g” are displayed in the fourth column. For simplicity and to
keep a consistent droplet color, the first three scaled process matrices, i.e., U, ,£1:]1:3 are
divided by ‘(—%)’, resulting in

A1 1 1 -l
1!1:3 = (—i) <Uk[::]1:3) = ’Uk[::]hza- (4.16)

]

The new scaled process matrices U ,Ll are presented in the last column of Table 4.4.

An example of the scaling factor corresponding to different rotations is depicted
in Fig. 4.7, considering A = 0.15, B = 0.35,C' = 0.55, and D = 0.7433. The droplet
corresponding to the unknown process U is presented on the left, while the scaled
process droplets U E] associated with different controlled rotations c¢G are displayed on
the right of Fig. 4.7.
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4 Wigner Tomography of Unknown Quantum Processes

Table 4.4: The table presents the scaling factors (ex) for a single-qubit system (N = 1)
corresponding to different controlled rotations with QE] € {04,04,0.,1} and the resulting

scaled process matrices U, ]E]. The second column presents the scaling factor in terms of matrix
elements w11, u12, U1, and ugs, while the third column expresses them in terms of quaternions
A, B, C, and D. The last column presents the scaled matrices U, ,El] defined in Eq. 4.16. See
Fig. 4.7 for an example.

QE] €k €k UIEH = EkU[l] Ulgl]

or  3(ufy+uz) —(@HA  —(@)AUN  AUT
oy s(uz —ui) —(@)B  —(@)BUM  BUD
o, Ll —up) —(H)C  —@cul oyl
1 j(ujy+us) D pull  pyll
(@) (b)
1 ¢ &
0.5 :
0 (c) (d)
-0.5
Z
-1 i .
y
X
.
0 m 27

Figure 4.7: Spherical droplet representing a process matrix UM (on the left) with quaternion
components A = 0.15, B = 0.35, C = 0.55, and D = 0.7433. The resulting droplets
corresponding to scaled process matrices U1 = AU (a), U = BUM(b), UL = cul(c),
and UE} = DUM(d) associated with different controlled rotations cG, with G = o, o,
0., and 1 respectively, are displayed on the right. Refer to Table 4.4 for scaling factors ¢,
corresponding to different rotations g,L” and the resulting process matrices U ,Ll].

In general, for a system consisting of N qubits, Eq. 4.10 can be generalized to:

v 1 R ARl (4.17)
Pu. = SN e U] 1V ’ :
with scaling factor
1 N
€ = 2—N<U[N]|Q,[€ b, (4.18)

A proof of this generalization is provided in supplementary Sec. C.1. In this general
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4.3 Theory of Wigner tomography of unknown processes

case, k ranges from 1 to 2%V.

Now, using the quantum circuit shown in Fig. 4.5, the scaled process matrices
U ,LN] = ;UM of an N qubit unknown process matrix UM are mapped onto the N + 1
qubit density matrices p[L],Z 1 (see Eq. 4.17). The following section formalizes the Wigner
process tomography, aiming to experimentally tomograph the droplets corresponding

to the scaled process matrices U ,gN

4.3 Theory of Wigner tomography of unknown processes

We first extend the Wigner tomography algorithm presented in Ref. [28] to unknown
processes and then explain each step individually. A schematic of the algorithm is
shown in Fig. 4.8. A spherical droplet function f](ek) representing a scaled quantum

process U, ,£N] can be experimentally tomographed using the following steps:

1. Preparation (P): Prepare ancilla qubit ¢o in the superposition state %(|O> + 1))
and effectively create the remaining qubits qi,...,qn, 47, ..., ¢% in a fully mixed
state.

2. Mapping (M): Implement the circuit presented in Fig. 4.5 to map the scaled
unknown operators U ,LN} onto density matrices p[L],Z 1 for different k.

3. Rotation (R): Rotate the system qubits ¢, ..., gy inversely for scanning.

4. Detection-associated rotations (D): Apply local unitary operations to measure

the required expectation values of axial tensor operators Tj(g) [N (see Table 2.1)
that are not directly measurable.

These four steps are repeated for a set of polar 8 € [0, 7] and azimuthal « € [0, 27]
angles and for different n, rank j, label ¢, and controlled rotations (cGi). Now we
explain each step of the algorithm.

Step 1: Considering the algorithm starts with the state p; = [00...0)(00...0|, qubit
qo is prepared in the equal superposition state %(K)) +|1)) by applying a Hadamard gate.
A maximally mixed state of qubits q1,...,qn,qf, ..., q% can be effectively created by
temporally averaging the results of experiments conducted on all possible computational
basis states [28] (see supplementary Sec. B.2). This can be achieved by appropriately
utilizing local NOT gates. We discuss this for the case of a single system qubit in Sec. 4.6.

Step 2: The circuit presented in Fig. 4.5 is implemented to map the scaled process

matrices U, ,gN] onto the density matrices pg\i 1 (refer to Eq. 4.17).
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4 Wigner Tomography of Unknown Quantum Processes
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Figure 4.8: Schematic for the Wigner tomography for unknown processes. The algorithm
consists of four key blocks: Preparation (P), Mapping (M), Rotation (R), and Detection-
associated rotations (D) followed by measurements. The M block is replaced with the circuit
presented in Fig. 4.5. The lower part of the figure shows the evolution of the density matrix
after each block. The algorithm is repeated for different parameters.

Step 3: Here, we are interested in measuring a droplet function fj(gk) representing a

(V]

scaled process matrix U, . In this case, Eq. 3.6, takes the form:

£B.0) = sj{o" @ TN st (4.19)
k

Now, instead of rotating the axial tensor operators Tj(g) [N], we equivalently rotate the
density matrix of the system qubits ¢y, ..., gy inversely, such that:

FiR(8,0) = sj{o" @ ™) v (4.20)
where

[N+1 N+1]\—1 [N+1] p[N+1

oo, = (R o R, (4.21)

and Rg\/f;ﬂ] =1lg Rg\g, i.e., the rotation operator R[N] acts only on the system qubits

q1,---,qn. The rotation operator Rl ﬁ} is the same as shown in Eq. 2.2. Using the

relation ot = (0, +i0,), Eq. 4.20 can be rewritten in terms of Pauli operators as:

2

4 Sj 0[N . 0[N
£78,0) = 2 ({0, 0 T)7! ]>ﬁ52+1] +ifo, ® T 555?1]). (4.22)

2

Step 4: Similar to the Wigner state and known-process tomography, the expectation
values of Pauli operators, which can not be observed directly, can be measured with the
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Figure 4.9: Schematic of the approach of Wigner process tomography of unknown processes.
The Wigner process tomography approach experimentally tomographs the spherical droplets
fj([,z corresponding to the scaled versions of an unknown process U,LN] (on the left). Subse-
quently, the experimental droplets are combined using a reconstruction algorithm to estimate
a droplet corresponding to the unknown process U with a high signal-to-noise ratio in the

post-processing step (on the right).

help of local unitary operations u,, (detection-associated rotations). Refer to Sec. 2.2
for an example.

By employing Eq. 4.22, we can experimentally tomograph the droplet functions fj(ek?

corresponding to the scaled matrices U ,LN}. This method provides information about the
scaled unknown matrices U ,EN], and we have developed a methodology to combine these
experimentally tomographed scaled droplets to reconstruct an unknown process U]
with high signal-to-noise ratio. Consequently, the entire Wigner tomography approach
for an unknown process comprises of two integral components: a quantum aspect
(corresponds to experiments) and a classical aspect (concerning the post-processing of

experimental data), as illustrated in the schematic in Fig. 4.9.

4.4 Reconstruction of an unknown process from scaled process
droplets

In this section, we present a methodology to reconstruct an unknown process U from
the experimentally tomographed droplet functions fj(gk) corresponding to the scaled

processes U,LN] for a single system qubit (N = 1).

Let us first rewrite the Eq. 4.22 for a single system qubit N = 1. For N = 1, the
possible values of rank j are: j = 0 for label £ = (), and j = 1 for label ¢ = 1 (refer to
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4 Wigner Tomography of Unknown Quantum Processes

Table 2.1). Hence, single qubit scaled processes Uy 1] represented by spherical functions
Tok @ and fl(lk) can be experimentally tomographed using:

0 1 1 £ . )
Jor (B,a) = o\ ax << ® Ty 2 Hiloy @ TY) 5551 ),
' * (4.23)

1 1 /3 . D[1
11RB,0) = 5 - ((oe 0 T o + iy @ 11 ).

Substituting the explicit values of spherical tensor operators in terms of Pauli operators
from Table 2.1 simplifies the above equation as:

0 1 1 )
foR(B,a) = 1\ §(<on>ﬁ5}c +Z<00y>[;53€),
1 /3 .
fR(8,0) = 1\/§(<00x01z>ﬁ% +2<00y012>55i)’

where, 0¢; = 0, ® 1 and og,01, = 0, ® 0., for example.

(4.24)

4.4.1 Reconstruction algorithm

Before proceeding further, for clarity and consistency, we present a set of important
terms and their corresponding explicit and shorthand descriptions in Table 4.5. These
terms will be consistently used in the text from now on. The table also cross-references
equations for corresponding definitions.

As discussed in Sec. 4.2, in the case of a single-qubit system (N = 1), the index k
ranges from 1 to 4, representing the different rotations: QP] = 0, gg” = 0y, Qz[))l] =0,
and QE] = 1. The resulting rank j = 0 and j = 1 droplet functions corresponding to
the scaled process U, ,El] are experimentally measured using Eq. 4.24. For simplicity, we
combine these two droplet functions, i.e.,

fio= fo0+ 1Y (4.25)

For simplicity and to keep a consistent droplet color, we use U ,Ll} defined in Eq. 4.16

(also see Table 4.4) which modifies the experimental droplet functions as follows:

fr=i(fed + 1) =ify = O~ AU

b= ilfo3 + £i3) = ifs — 0 = BULY (36)
fs = ilfi3 + 13) = ify e U~ CUY! |
fo= g3+ 11 = fa = O ~ DU,
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4.4 Reconstruction of an unknown process from scaled process droplets

Table 4.5: Table containing essential terms with their explicit description, shorthand names,
and symbols for the terminology used in the reconstruction algorithm (see Algo. 4.1). The
table also cross-references equations for corresponding definitions.

Explicit Description Shorthand Name Symbol
Matrix form of actual unitary process Actual process U,
DI"Oplet Of aCtual unltary pl"OCGSS Ua Actual process droplet f[l

G-dependent scaled process matrices.

Where QE] € {oy, 04,01}, Scaled matrices Uk
with k =1 :4. See Eq. 4.16 and Table 4.4.

G-dependent experimental scaled process .
. Scaled droplets fx
droplets of Ui. See Eq. 4.26
Weighted process droplets using matched .
Weighted droplets fuwk
filtering. See step 3 of Algo. 4.1.
Combined weighted process droplets. N
Combined droplets feomb
See step 4 of Algo. 4.1.
Estimated unitary process matrix form of
Estimated process matrix Uest

fcomb. See Sec. C.2

Droplet of estimated unitary
Estimated process droplet fost
process matrix Uggg

Guess unitary process matrix Guess process Ugue

Droplet of guess unitary process matrix Guess process droplet e
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4 Wigner Tomography of Unknown Quantum Processes

where Uc[ll] is the actual (experimental) unknown process composed of quaternions A,
B, C, and D as described in Eq. 4.15.

Now, the goal here is to reconstruct a spherical droplet with a high signal-to-noise
ratio corresponding to an unknown process from the scaled droplets fk described in
Eq. 4.26. Let’s consider the example shown in Fig. 4.10. The actual process matrix U, is
composed of the quaternions A = —0.5198, B = 0.3462, C' = 0.7424, and D = —0.2425.
The corresponding droplet f, is depicted in the left panel of Fig. 4.10. The middle
panel of Fig. 4.10 shows the tomographed scaled droplets: (a) f1, (b) fa, (¢) f3, and
(d) fi. A naive way to combine the scaled droplets fj to reconstruct an estimate of

(a) (b)

0.5 0.5

0 (C) (d) I:> 0 °
z 0.5 ) -0.5
1 8 1
y
X
[ [
0 @ 2w

Figure 4.10: The illustration demonstrates a naive approach to reconstruct the unknown
process droplet fa from scaled process droplets fk by calculating an average of the scaled
droplets. The left panel displays a spherical droplet f, representing a process matrix U(Q”
with quaternion components A = 0.5198, B = —0.3462, C' = —0.7424, and D = 0.2425. The
middle panel exhibits the resulting tomographed scaled process droplets: (a) fi, (b) fa, (c)
f3, and (d) fi. The right panel shows a combined droplet feom, obtained by computing an
average of the scaled process droplets in the middle panel. This naive approach does not lead
to a droplet with a high signal-to-noise ratio.

actual spherical droplet function fa is by sunply computing the average of the scaled
droplets fk, such that fcomb = f( f1 + f2 + f3 + f4) The resulting combined droplet
fcomb is illustrated in the right panel of Fig. 4.10.

However, this naive approach does not lead to a droplet with a high signal-to-noise
ratio. This is due to the opposite signs of the scaled droplets fk, which results in partial
cancellation of droplet functions. Hence, a more sophisticated approach is required to
effectively combine the scaled process droplets fk to reconstruct the unknown process
with a high signal-to-noise ratio. To address this, we adopt the principle of matched
filtering [62, 63]. This technique maximizes the signal-to-noise ratio of the reconstructed
droplet by combining scaled droplets with different weights. Specifically, it assigns
a higher weight to the droplet with a larger signal (size) and a lower weight to the
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4.4 Reconstruction of an unknown process from scaled process droplets

droplet with a smaller signal (size). This allows a combination of droplets with different
weights, resulting in a reconstructed droplet with a significantly improved signal-to-noise
ratio compared to the naive equal-weighted droplet combination approach depicted
in Fig. 4.10. Here, we present an approach to estimate quaternions A, B, C, and D
from experimental scaled droplets fk to reconstruct the unknown process with high
signal-to-noise ratio. We first outline the steps of the algorithm for a single system
qubit (N = 1) and subsequently elaborate on them through an example.

Algorithm 4.1 Estimation of quaternions from experimental scaled droplets fk See
Table 4.5 for descriptions of the symbols used here.
Aim: To estimate quaternions A, B, C, and D corresponding to an actual unknown
process U(gl] from experimental scaled droplets fk
Input: Experimentally tomographed droplet functions fk representing scaled processes
T with k=1 4.
1: Compute a correlation matrix M.
2: Estimate zero-order (i.e., iteration number i = 0) values of quaternions A;, B;, C;,
and D; from the correlation matrix M.
3: Compute weighted droplets: fl[vz]l = A fi, fB}Q = Bifo, ﬁ[j}g = C;fs, and ﬁ[j}A =
D;fa. , . . , .
4: Combine the weighted droplet functions: fc[f}mb = ﬁ[j]l + ffj]Q + ﬁ% + 2[34.
5: Estimate a unitary matrix Ueg; from the combined droplet function fc[gmb.
6: Estimate new quaternions A;y1, Biy1, Cit1, and D;yq from U ;.

7: Input new values of quaternions A; 1, B;y1, Cit1, and D; 41 into Step 3.

Termination: Repeat Steps 3 to 7 until the change in quaternion values over iterations
is not significant.
Output: Estimated droplet function fes representing a unitary process Uegt.

Before delving into the algorithm itself, we first discuss the key steps it involves:
computing a correlation matrix (step 2) and performing a weighted combination of
droplets (step 4).

Correlation matrix

Given the experimental scaled droplet functions fl, fg, fg, and f4, the correlation
matrix M can be computed as follows:

(flfo) Chlf2)y (Al (Alfa)

R
(fslfr) (fslfa) (falfs) (fslfa)
A Alfy (Alfa) (Alfs) (Al A4>_
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4 Wigner Tomography of Unknown Quantum Processes

Here, each element of the matrix can be computed using Eq. 2.16. The matrix M
provides correlations between different droplet functions, allowing for the zero-order
(i.e., iteration ¢ = 0) estimation of the quaternions. The absolute values of zero-order
(1 = 0) estimates of quaternions A, B, C, and D can be determined from the diagonal
elements of M:

|Ao| = /M(1,1),
Byl =+/M(2,2),
|Bo| (2,2) (4.28)
|Col = \/M(3,3),
|Do| = \/M(4,4).

The relative signs of the zero-order (i = 0) quaternions Ag, By, Cy, and Dy can be
determined based on the signs of the off-diagonal elements of the matrix M. For
example, one possible case of M could be:

(flfr) (filf2) (f1lf4)

v (ol 1) (falf2) 2 (fal fa)
(f3][3)

ERRRER

Here, the color of each matrix element corresponds to its respective sign. The red
color indicates a positive sign, whereas the green color indicates a negative sign. In the
presented case, assuming Dy is positive, the quaternions Ag and By are positive, while
Cy is negative. Using the approach developed based on these conditions, the signs of
the quaternions can be determined.

Weighted combination of droplets

Computing a weighted combination of experimental droplets fk in step 3 is based on
the principle of matched filtering [62, 63], as discussed before and is a key step of the
reconstruction algorithm. In this step, for an iteration ¢, the weighted scaled droplet
functions fk are combined as described in Step 4 of Algo. 4.1, such that

f(ggmb*fwl"'_f[z] f[z]:s"’f

(4.29)
= Aifi + Bifo+ Cifs + Dify.

Where A;, B;, C;, and D; are the estimated quaternions in iteration ¢. The actual
unknown process U, is composed of quaternions A, B, C, and D (see Eq. 4. 15) and f,
is the spherical droplet corresponding to it, such that, f1 Af,, f2 Bfa, f3 Cfa,
and f4 = Df, (see Eq. 4.26). After substituting these transformation, Eq. 4.29 takes
the form:

= Ai(Afa) + Bi(Bfa) + Ci(Cfa) + Di(D ), (4.30)
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4.4 Reconstruction of an unknown process from scaled process droplets

Now, for a specific iteration i, if A; = A, B; = B, C; = C, and D; = D, the above
equation becomes:

A— (4.31)

comb

where A? + B? + C? 4+ D? = 1. Therefore, a combination of experimental droplets fk
with varying weights A;, B;, C;, and D; provides a highly accurate estimate of the actual
droplet function f,. Additionally, if these weights are the same as the actual quaternions,
the resulting combined droplet fiﬂmb equals the actual droplet function f,, as shown in
Eq. 4.31. In the next section, we present some examples of the reconstruction algorithm.

4.4.2 Examples of the reconstruction algorithm
Example 1

Here, we demonstrate the algorithm with a simulated example without noise with the
quaternion values A = 0.15, B = 0.35, C' = 0.55, and D = 0.7433. These specific
quaternion values were deliberately chosen to illustrate scaling factors in Fig. 4.7. The
algorithm takes the tomographed droplets fk (see Eq. 4.26) representing scaled processes
U ,£1] as input, illustrated on the left panel of Fig 4.11.

In the first step, the algorithm computes a correlation matrix described in Eq. 4.27.
The corresponding correlation matrix for this example is shown on the left side of the
middle panel in Fig. 4.11. The color of the matrix describes the signs corresponding to
the matrix elements, as indicated by the color bar. In this case, all the matrix elements
have positive signs (i.e., color between yellowish-red and red), indicating that all the
quaternions have the same signs. Assuming Dy is to be positive, the quaternions Ay,
By, and Cj are also positive. The zero estimations (corresponding to iteration i = 0)
computed using Eq. 4.28 are: Ag = 0.1498, By = 0.3496, Cy = 0.5493, and Dy = 0.7424.

In the third step, the zero estimations are multiplied with the input droplet functions,
such that, fi'y = Aofi, f = Bofa, f% = Cofs, and Y = Dofs. These weighted

w

droplets fg) ]k (shown on the right side of the middle panel in Fig 4.11) are combined
in the fourth step, such that: f[o] b= Aofi + Bofs + Cofs + D0f4. In the fifth step,

com
0]

a unitary process matrix U o is estimated from the droplet function f(Eomb

method described in Sec. C.2.

using the

In the sixth step, we derive new quaternion estimates Ay, By, C1, and D; from unitary
matrix Uest 0. The resulting output droplet, depicted in the rightmost panel of Fig. 4.11,
represents the system just after one iteration (i = 1). After i = 1, the quaternion values
are A1 = 0.15, By = 0.35, C7 = 0.55, and Dy = 0.7433, which matches with the target
values up to numerical accuracy.

63



4 Wigner Tomography of Unknown Quantum Processes
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Figure 4.11: Illustration of the reconstruction of an unknown process droplet using the
algorithm described in Algo. 4.1. In this example, no noise was considered. The algorithm
takes as input tomographed scaled process droplets: (a)fi, (b)f2, (¢)fs, and (d)fy (see
Eq. 4.26), displayed on the left panel. Inside the reconstruction algorithm (middle panel):
first, a correlation matrix is computed (see Eq. 4.27), providing the zero-order estimates of
quaternions Ag, By, Cy, and Dg (see Eq. 4.28). These zero-order estimates are then multiplied
with droplet functions, resulting in the weighted droplet functions: fz[f,}1 = Ao fi, ﬂ?}Q = By fa,
fzg?,]:s =Cy fg, and fl[l?}4 = Dy f4. The resulting droplet shown on the rightmost panel is obtained
after the first iteration of the algorithm, and the corresponding quaternions match with the
target values up to numerical accuracy.

Example 2

In the above example, all the quaternions were positive. Now, we present an example
with quaternion values A = 0.5198, B = —0.3462, C' = —0.7424, and D = 0.2425, which
was also discussed in Fig. 4.10. In this simulated example, no noise was considered.
The corresponding reconstruction results are shown in Fig. 4.12.

In this case, the non-positive elements in the correlation matrix indicate that quater-
nions By and Cy are negative, assuming Dy is positive. This is also evident from the
input droplets, where the droplets of fo and f3 are inverted compared to those of f;
and fy. The zero-order estimates of the quaternions are: Ag = 0.5192, By = —0.3458,
Cy = —0.7415, and Dy = 0.2422. These zero-order estimates are then multiplied
with droplet functions, resulting in the weighted droplets fg), ]1 = Aofi, fg{ ]2 = By fa,
ﬂ[g ]3 =) fg, and sz? ]4 =Dy f4. The corresponding droplets are displayed on the right
side of the middle panel in Fig. 4.12. Here, the droplets of (b) ﬁ[,? ]2 and (c) f}f ]3 are in-
verted due to the sign of the estimated quaternions By and Cy. These weighted droplets

ff}k are combined to form fc[g}mb = Aofi + Bofs + Cofs + Dofs. In the next step, a

unitary process matrix Ueg o is estimated from fc[g]mb, from which the quaternions Ay,

By, C1, and Dy are derived. The resulting output droplet shown in the rightmost panel
of Fig. 4.12 is obtained after one iteration, i.e., ¢ = 1, with corresponding quaternion
values of A1 = 0.5198, By = —0.3462, C; = —0.7424, and D; = 0.2425. These final
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4.4 Reconstruction of an unknown process from scaled process droplets

values match the target values up to numerical accuracy.

Input Reconstruction Algorithm Output
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(a) (b)

) (b)
1
t % 0.2692 -0.1793 -0.3845 0.1256
e ®

-01793 01194 02561  -0.08364

-0.3845 02561 05492  -0.1794 (c) (d)
01256  -0.08364  -01794  0.05858 e y
1 <

[
O7r27' 0 7w 27

Figure 4.12: Illustration of the reconstruction of an unknown process droplet from scaled
process droplets with different quaternion signs. The algorithm takes as input tomographed
scaled process droplets: (a)f1, (b)fa, (c)fs, and (d)fy (see Eq. 4.26), displayed on the left
panel. The zero-order estimate of the quaternions is obtained from the correlation matrix,
and these are multiplied with droplet functions, resulting in weighted droplets: fl[l?}l = Aof1,

foo flol = By fg, fw 3 =Co f3, and f, flol = = Dy f4 The resulting output droplet shown on the
rlghtmost panel is obtained after the first iteration of the algorithm.

Now, we present an example that contains noise in the tomographed (input) droplets.
In this example, we considered noise due to the limited number of shots (shot noise).

Example 3

Here, we illustrate the reconstruction algorithm with an example that includes shot
noise. The initial configuration for this example is the same as the one presented in
example 1 (see Fig. 4.11), i.e., A =0.15, B =0.35, C = 0.55, and D = 0.7433, but it is
simulated with N, = 500 shots to introduce shot noise. The reconstruction results are
displayed in Fig. 4.13. The zero-order estimates of quaternions from the correlation
matrix, in this case, are Ay = 0.1899, By = 0.3627, Cy = 0.5575, and Dy = 0.7440.
The algorithm was terminated after ¢ = 3 iterations, as the change in the values of
quaternions over iterations was not significant, as shown in the left panel of Fig. 4.14.
The resultant quaternion values after termination are: Az = 0.1502, B3 = 0.3414,
C5 = 0.5504, and D3 = 0.7423. The corresponding reconstructed droplet is presented
in the rightmost panel of Fig. 4.13.

In these simulations, since we know the actual unknown process U,, we can quantify
the closeness of the reconstructed process to the actual process using the process fidelity
definition in Eq. 3.11. The fidelity of the reconstructed process is plotted with respect
to iterations in the right panel of Fig. 4.14. The fidelity of the reconstructed process
droplet, as shown in the right panel of Fig. 4.13, is 0.9999. Note that in these examples
an equlangular grid of 25 polar angles § € {0,4;,...,7} and 49 azimuthal angles

ac{0,22 i8>+ -» 27} was chosen for scanning, resulting in very high reconstructed fidelity.
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Figure 4.13: Illustration of the reconstruction of an unknown process from the tomographed
droplets with shot noise. The tomographed scaled process droplets: (a) fi, (b) fo, (c) fs, and
(d) f4 are displayed on the left panel. The zero-order estimates of quaternions are obtained
from the correlation matrix, and these are multiplied with droplet functions f; to obtain
weighted droplets shown on the right of the middle panel. The resulting output droplet on
the rightmost panel corresponds to the process with quaternions A; = 0.1502, B3 = 0.3414,
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C3 = 0.5504, and D3 = 0.7423, obtained after ¢ = 3 iterations with a fidelity of 0.9999.
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Figure 4.14: Plot of change in the values of quaternions with iteration (on the left panel) and
fidelity (Fy/) with iteration (on the right panel) for the reconstruction example illustrated in
Fig. 4.13. The change in quaternion values over iteration is computed using AA = A;11 — A;,
for example.

A study of fidelity as a function of different numbers of shots is also performed, and the
results are discussed in Sec. 4.5.

Example 4

We demonstrate the reconstruction algorithm with another example containing shot
noise in Fig. 4.15. Here, the initial configuration is the same as the one presented
in example 2 (see Fig. 4.12), but it is simulated with Ny = 300. In this case, the
non-positive elements of the correlation matrix indicate that the quaternions By and
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Figure 4.15: Illustration of reconstruction of an unknown process from the tomographed
droplets with shot noise using the algorithm presented in Algo. 4.1. The tomographed scaled
process droplets: (a) fi, (b) fa, (c) fs, and (d) f1 are shown on the left. The zero-order
estimates are obtained from the correlation matrix, which is used to compute the weighted
droplets. The resulting output droplet on the rightmost panel corresponds to the process
with quaternions Az = 0.5196, B3 = —0.3443, C3 = —0.7416, and D3 = 0.2479, obtained after
1 = 3 iterations with a fidelity of 0.9999.

Cy are negative. The zero-order (i = 0) estimates are: Ay = 0.5272, By = —0.3765,
Co = —0.7401, and Dy = 0.2811. These zero-order estimates are multiplied with droplet
functions fj, to obtain weighted droplets 1) = Aofi, fiy = Bofo, fiY = Cofs, and
fg{ ]4 = Dy f4. The resultant weighted droplets are plotted on the right of the middle
panel.

The algorithm was terminated after ¢ = 3 iterations due to a non-significant change
in the values of quaternions over iterations, as shown in the left panel of Fig. 4.16.
The resulting quaternions obtained after termination are: Az = 0.5196, By = —0.3443,
C3 = —0.7416, and D3 = 0.2479, with a process fidelity of 0.9999. The plot of process
fidelity Fyy with iteration ¢ is shown in the right panel of Fig. 4.16.

4.4.3 Reconstruction algorithm with optimization

As demonstrated using the examples above, the reconstruction algorithm offers a reliable
estimate of the quaternions. However, while this approach is powerful, it does not
ensure the optimal solution. In this section, we elaborate on combining the reconstruc-
tion algorithm with an optimization routine and discuss the benefits gained from this
integrated approach.

We use the zero-order estimates (corresponding to i = 0) of quaternions Ag, By, Co,
and Dy obtained from the correlation matrix as an initial guess for the optimization to
minimize the following cost function:

. 2 N 2 N 2 . 2
J =||U1 — AiUesti|| + ||Uz — BiUestil| + ||Us — CiUcst il| + ||Us — DiUsests|| - (4.32)
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Figure 4.16: Plot of change in the values of quaternions with iteration (on the left panel)
and plot of fidelity (Fy) with iteration (on the right panel) for the reconstruction example
illustrated in Fig. 4.15. Where change in quaternion value over iteration is computed using
AA = A;1 — A;, for example.

Here, Ul, ﬁg, ﬁ3, and Uy are scaled matrices, i.e., the matrix representations of the
scaled droplet functions fl, fg, fg, and f4, respectively, as described in Table 4.5. The
process matrix estimation from the droplet functions can be derived using the approach
described in Sec. 3.3. A;, B;, C;, and D; are the quaternions estimated in iteration
t. The operator U ; represents the estimated unitary process matrix for iteration 1,
composed of quaternions A;, B;, C;, and D;, as defined in Eq. 4.15. The cost function J
quantifies the closeness of the estimated process matrix to the experimentally obtained
scaled process matrices. To minimize this cost function, we utilize the gradient-based
optimization function, fminunc in Matlab.

Here, we provide an example to showcase the reconstruction algorithm with optimiza-
tion and compare it with the one without optimization. We chose an example with
quaternions A =1 and B =C = D = 0. The scaled tomographed droplets depicted in
the left panel of Fig. 4.17 are obtained after Ny = 500 shots. The zero-order estimates
computed from the correlation matrix, assuming Dq is positive, are Ag = 0.9899,
By = —0.1305, Cy = —0.1230, and Dy = 0.1211. These zero-order estimates are used
as an initial guess for the optimization. The fidelity (Fy) per iteration is shown in the
right panel of Fig. 4.17 for both approaches, i.e., with and without optimization.

The quaternions estimated after the final iteration (i = 5) without optimization are:
As = 0.99998, B = 0.0017, C5 = 0.0042, and D5 = 0.0038. Whereas, the quaternions
estimated after the final iteration (i = 21) with optimization are: A" = 0.99999,
B = 0.0005, C5P* = 0.0011, and D3P* = 0.0022. The optimization terminated after
21 iterations following the defined tolerance limit. However, in Fig. 4.17, only fidelity up
to b iterations is displayed because the change in fidelity with iteration is not accurately
visible in this scale. The process fidelity after the termination of the algorithm without
optimization is 0.99998, whereas with optimization is 0.99999. The cost function with
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4.5 Numerical study of reconstruction algorithm
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Figure 4.17: Illustration of the reconstruction algorithm with and without optimization. The

algorithms take as input tomographed scaled process droplets: (a) fi, (b) fo, (c) f3, and (d)
fa (see Eq. 4.26), displayed on the left panel. The zero-order estimates of the quaternions are

used as an initial guess to minimize the cost function J given in Eq. 4.32. The fidelity with
and without optimizations are shown in the right panel. The inset figure shows the variation
the Fig. 4.18.
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Figure 4.18: Tllustration of cost function (J) used in the optimization (See Eq. 4.32) with

iteration for optimization is shown in Fig. 4.18. Although the gain in fidelity in this
case is very small, this shows that optimization does improve the estimation of the
study to compare both approaches.

quaternions. In the following section, we provide the result of an extensive numerical

4.5 Numerical study of reconstruction algorithm

To evaluate the performance of the reconstruction algorithm with and without opti-

mization, we conducted a numerical study. In this study, we compared the process
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Figure 4.19: Plot of mean fidelity F; with different number of shots N, for reconstruction
algorithm approach with and without optimizer. The mean is computed over 50 noise instances
for 100 random gates for each N,. The standard deviation for each Ny is represented by the
vertical bars.

fidelity Fur (see Eq. 3.11) of the reconstructed process matrix with the target process
matrix for different numbers of shots, denoted as Ns. The Lebedev sampling scheme
with 50 grid points [34] was employed for scanning purposes, and this same scheme was
utilized in the experiments presented in the next section. For each value of Ny, 100
random gates were generated, and for each of these gates, 50 different noise instances
were created. The mean and standard deviation of the process fidelity were computed
using both approaches. The plot depicting the mean fidelity (F7) for both approaches
with different numbers of shots (Vy), is shown in Fig. 4.19. The plot also includes
the standard deviation for each approach, represented by vertical bars across varying
numbers of shots. The plot indicates that the approach with the optimization provides
a gain in the reconstructed fidelity, and the standard deviation for the approach using
optimization is smaller in comparison to the approach without optimization. This study
only considered noise due to the limited number of shots.

4.6 Experimental implementation of Wigner tomography for
unknown processes

In this section, we describe the details for experimentally implementing Wigner process
tomography for unknown processes. We present experimental results for a single system
qubit, i.e., N = 1 performed on an IBM quantum device for a pure state on an individual,
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well-defined quantum system. The quantum circuits presented here are general and can
be directly used on any circuit-based quantum computer.

4.6.1 Single qubit

For the Wigner tomography of a single-qubit unknown process, three qubits are re-
quired (qo, q1, ¢). Here, ¢ is a system qubit, and ¢g and ¢{ are ancilla qubits. The
spherical droplet functions féwk? and fl(lk) corresponding to scaled process matrices U ,LH
for different controlled rotations Gy, € {1, 0, 0y, 0.}, can be tomographed by combining
the experimentally measured expectation values for a set of scanning angles 3 and «, as
expressed in Eq. 4.24. The general quantum circuits for performing Wigner tomography
are shown in Fig. 4.20. This figure explicitly highlights the four steps of the algorithm
discussed in Sec. 4.3. Now, we explain these steps.

In the preparation step (P), we initiate the control qubit gy in an equal superposition
state using the Hadamard gate (H). To prepare qubits ¢; and ¢f in a maximally mixed
state (pq[%}m = i]lm), we employ the temporal averaging approach [56, 57] introduced in
Sec. 4.6. This approach was initially introduced for a single qubit, and here, we extend
it to prepare qubits ¢; and ¢f in a maximally mixed state. This extension involves
repeating the experiment for the four computational basis states (]00), |01), [10), and
|11)) and averaging the measurement outcomes:

2 = 717 = Z(100){00]) + (0101 + F(110){10) + (1111 (43

The different computational basis states are created by applying NOT (X) gates in the
circuits shown in Fig. 4.20, assuming that the initial state of all qubits is |¢;) = |000).
In these circuits, the state of qubits ¢; and ¢{ after the preparation step is (a) [00), (b)
|01), (c) |10), and (d) |11). Therefore, the (temporally) averaged expectation values of
the circuits presented in Fig. 4.20 provide (oo,) and (oo,01.) for a controlled rotation
Gi. The temporal averaging is discussed in detail in supplementary Sec. B.2.

In the mapping step (M), we substitute the circuit presented in Fig. 4.5 for N = 1.
For the scanning purpose in the rotation step (R), the Us gate is employed to rotate
the system qubit ¢; by an angle g around the y axis followed by a rotation of o around
the z axis. The Uz gate used in these circuits is discussed in Sec. 1.1.3.

The circuits shown in Fig. 4.20 provide expectation values (oq,) and (og,01,) for
a controlled rotation Gy. The other required expectation values (see Eq. 4.24), (oo,)
and (00,071.), are computed similarly by replacing Uz(—7,0,0) with U3(5,0, 3) in the
detection-associated rotations step (D). These additional circuits are not shown here.
Hence, there are eight quantum circuits for each of the four rotations Gy, € {1, 0,0y, 0.},

making it a total of 32 (= 8 x 4) quantum circuits for tomography, which are evaluated
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Figure 4.20: Quantum circuit set for performing tomography of a single qubit unknown
process U. The initial state of the qubits is |¢);) = |000). The four blocks of algorithm
namely preparation (P), mapping (M), rotation (R), and detection-associated rotations
(D) are shown here explicitly. The circuits shown here only measure expectation values
(00z) and (00,01.), therefore the number of circuit extends by replacing Us(—7,0,0) with
Us(3,0, §) to measure (oq,) and (0o,01.). Each circuit is then repeated for different rotations
Gr € {1,04,04,0.} and scanning angles 5 and «. The Us gate used in these circuits is
discussed in Sec. 1.1.3.

for a set of scanning angles 8 and a. Now we discuss the implementation of these
quantum circuits on an experimental device.

Calibration experiments

Noise poses a critical challenge in the field of quantum computing, leading to errors
that can significantly impact the performance and reliability of quantum computers.
For implementing a quantum circuit on an experimental device, each quantum gate
is decomposed into hardware native gates, which are then implemented using control
pulses. Compared to the tomography experiments of known processes (c.f. Sec. 3.4.1),
we observed two major experimental problems in the first implementations of the

72



4.6 Experimental implementation of Wigner tomography for unknown processes

tomography experiments for unknown processes:

(A) The experimentally measured expectation values were scaled down uniformly
by about 50% compared to the simulated expectation values, resulting in a
corresponding scaling of experimental droplet functions. (The experimental
scaling mentioned here should not be confused with the scaling factor e presented
in Sec. 4.2.)

(B) Preliminary experiments showed a high fidelity of the (rescaled) tomographed
droplet functions except for a relatively large rotation of the rank j = 1 droplet
(which is not rotational symmetric) by about 20° around the z axis, independent
of the process of interest that was tomographed.

Problem (A) results from decoherence during the pair of relatively long CSWAP gates
and experimental imperfections of a large number of single-qubit and two-qubit gates
needed to implement the CSWAP gates. For instance, on IBM devices, a single CSWAP
gate has an overall duration of several microseconds. It consists of about ten controlled
two-qubit gates and about thirty single-qubit gates (the actual numbers depend on the
actual device properties). The resulting uniform scaling of the experimentally measured
droplet function is automatically taken into account by the normalization steps of
the reconstruction algorithm (see Sec. 4.4.1). However, this additional scaling of the
droplet reduces the signal-to-noise ratio of the tomography experiments, at least for
noisy near-term quantum devices.

Problem (B) is also a result of the long duration of the CSWAP gates, which amplifies
the effect of small detunings of the ancilla qubit ¢y. In general, phase errors arise
from the frequency detuning of the drive during the physical implementation of single
and two-qubit gates, as discussed in Ref. [64]. This effect can be mitigated through
calibration experiments. Preceding experiments of unknown processes with a simplified
tomography experiment of an X (NOT) gate can be performed, which enables precise
determination of this phase error by fitting phase-shifted sine and cosine functions to
the data; see Figs. 4.21 and 4.22.

For quantifying the unwanted additional phase shift of qubit gy, we used the calibra-
tion circuits shown in Fig. 4.21. These circuits are derived from the tomography circuits
presented in Fig. 4.20, with U = X (NOT) gate, ¢G = ¢X in the mapping block M,
scanning angles 3 = 7 and a = 0 in rotation block R. An additional calibration block
C is introduced here which consist of Us(0,0, A) (corresponds to RZ(\)) on qubit go.
The C block is followed by a detection-associated rotation block D to experimentally
estimate (og,01,) and (0py01,) from circuits (a) and (b), respectively. In this case
where U = X, the rank j = 0 droplet is zero, therefore, the expectation values (o, ) and
(00y) are zero for all scanning angles § and «. The preparation block P of both circuits

in Fig. 4.21 corresponds to the preparation block shown in Fig. 4.20, i.e., applying
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Figure 4.21: Circuits for performing calibration experiments to quantify the phase shift in
qubit gg. These circuits are adapted from the tomography circuits presented in Fig. 4.20.
For both circuits, the P block is identical to the preparation block shown in Fig. 4.20. In
comparison to the circuits shown in Fig. 4.20, here the mapping block M contains U = X
(NOT) gate, cG = X, and rotation block R has values 3 = § and o = 0. An additional
calibration block C is introduced here, which consists of U3(0,0, A) (corresponds to RZ (X))
on qubit qg, followed by a detection-associated rotation block D to estimate (0(,01.) and

(00yo1-) from circuits (a) and (b), respectively. See Fig. 4.22 for measurement results.

the Hadamard gate to prepare qubit ¢y in an equal superposition state and applying
suitable NOT gates to prepare qubits ¢; and ¢f in a maximally mixed state using
temporal averaging.

The calibration circuits shown in Fig. 4.21 are repeated for RZ(\) with A € [0, 27].
The plot of the expectation values (0o,01,) and (ogy01,) as a function of angle A is
shown in Fig. 4.22. The simulated plot in the bottom panel shows the ideal values
of expectation values, whereas the expectation values in the top panel are obtained
experimentally using ibmg_mumbai device. A plot of normalized experimental values is
shown in the middle panel to provide a direct visual comparison with the experimental
values in the bottom panel. The experimental expectation values have a phase shift
of Aeorr = 0.3473(=~ 20°) radians compared to the simulated values. This phase shift
corresponds to the unwanted extra rotation of qubit ¢o. We compensate for this extra
rotation of qubit gy in the tomography experiments by applying —RZ (Acorr) On qubit
qo right before the D (detection-associated rotation) block of circuits in Fig. 4.20.

Experimental results

We experimentally implemented the tomography circuits depicted in Fig. 4.20 with an
additional —RZ(Acorr) Totation with Aeorr = 0.3473 radians, applied to qubit gy just
before the D (detection-associated rotation) block on the ibmq_mumbai device. During
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Figure 4.22: Experimental (top panel), rescaled experimental (middle panel), and simulated
(bottom panel) plot of the expectation values (co,01.) and (og,01.) as a function of rotation
around the z axis with a rotation angle A. The plot is an outcome of the calibration circuits
presented in Fig. 4.21. The expectation values in the top panel are obtained experimentally
using ibmq_mumbai device. The rescaled experimental values in the middle panel are plotted
for a direct visual comparison with the simulated values.

these experiments, we employed a Lebedev n = 50 grid for scanning angles 8 and «,
and each experiment was repeated for each grid point for Ny = 4096 shots.

The experimental results presented in Fig. 4.23 focus on the “unknown” process
U = X (NOT) gate. The quaternion values associated with a NOT gate are A =1
and B = C = D = 0. According to Table 4.4, ideally there is only one non-zero
scaled process matrix ﬁk = ¢,U for k = 1, corresponding to G = o, rotation. The
actual droplet corresponding to the NOT gate and the reconstructed droplet from
the experimental scaled droplets f are shown in A of Fig. 4.23. The simulated and
experimental scaled process droplets fi, are shown in B, where (a) fi. (b) fa, (c) f,
and (d) f1. We show the corresponding expectation values in C of Fig. 4.23.
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The reconstructed droplet shown in Fig. 4.23 is derived through the application of the
reconstruction algorithm to the experimental scaled droplets fk The initial estimations
computed from the correlation matrix (see Fig. C.1) are Ay = 0.5802, By = —0.1672,
Co = 0.1075, and Dy = 0.0631. After employing the reconstruction algorithm with opti-
mization, the final quaternion values are ASe' = 0.9991, BYE' = 0.0090, C{E* = —0.0407,
and ngt = —0.0110. The process fidelity achieved using the reconstruction algorithm
with and without optimization is 0.9991 and 0.9935, respectively. The plot illustrating
the cost and non-fidelity with optimization iterations, along with the correlation matrix,
is presented in Fig. C.1.

Similarly, the experimental result for a U = Z gate is presented in Fig. 4.24. The
quaternion values associated with a Z gate are C'=1and A = B = D = 0. Similar to
the NOT gate, there is only one non-zero scaled scaled process matrix U, for k = 3,
corresponding to G = o, rotation (see Table 4.4). The reconstructed droplet shown
in Fig. 4.24 is derived through the application of the reconstruction algorithm to the
experimental scaled droplets fk The initial estimations computed from the correlation
matrix (see Fig. C.1) are Ag = 0.0543, By = 0.0920, Cy = 0.7886, and Dy = 0.0740.
The quaternions obtained after employing reconstruction algorithm with optimization
are ASE' = —0.0023, B{E' = 0.0794, CE* = 0.9966, and D{P' = 0.0210. The process
fidelity achieved using the reconstruction algorithm with and without optimization
is 0.9966 and 0.9971, respectively. See Fig. C.2 for the plot illustrating the cost and
non-fidelity with optimization iterations, along with the correlation matrix.

The experimental result for the U = H (Hadamard) gate is presented in Fig. 4.25.
The quaternion values associated with a Hadamard gate are A = C' = —0.7071 and
B =D = 0. In this case, there are two non-zero scaled process matrices U, for k=1
and k = 3 corresponding to G = 0, and G = o,, respectively (see Table 4.4). For the
reconstruction algorithm, the initial guess computed from the correlation matrix is
Ag = 0.3937, By = 0.1868, Cy = 0.4035, and Dy = 0.0581. The optimized quaternions
after reconstruction algorithm are AP* = 0.6566, B{Y* = 0.0172, C7P* = 0.7540, and
D‘flft = 0.089. The process fidelity achieved using the reconstruction algorithm with
and without optimization is 0.9974 and 0.9934, respectively. See Fig. C.3 for the
plot illustrating the cost and non-fidelity with optimization iterations, along with the
correlation matrix.
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Figure 4.23: The figure presents the simulated and the experimental results for the Wigner
tomography of the U = X (NOT) gate. Quaternions corresponding to a NOT gate are
A =1and B=C = D = 0. The actual droplet and the reconstructed droplet from
the experimental droplets are depicted in A. The simulated and experimental droplets
corresponding to scaled process droplets (a) fi, (b) fa, (c) f3, and (d) fy are shown in B.
Panel C shows the corresponding expectation values, which were computed for the Lebedev
50 grid (depicted as black dots). The reconstructed droplet consists of optimized quaternions
ASPY = 0.9991, BYP' = 0.0090, CP' = —0.0407, and D{E* = —0.0110, obtained after
employing the reconstruction algorithm with optimization. See Fig. C.1 for additional details
on optimization results.
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Figure 4.24: Figure presents the simulated and the experimental results for the Wigner
tomography of the U = Z gate. Quaternions corresponding to a 7Z gate are C = 1 and
A =B =D = 0. Similar to Fig. 4.23, actual and reconstructed droplets are presented
in A. The simulated and experimental scaled process droplets (a) fi, (b) fa, (¢) fs, and
(d) f1 are shown in B, and the corresponding expectation values are shown in C. The
values of quaternions after employing the reconstruction algorithm with optimization are:
AEY = —0.0023, BE® = 0.0794, C{2* = 0.9966, and D" = 0.0210. See Fig. C.2 for additional
details on optimization results.
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Figure 4.25: Figure shows the simulated and the experimental results for the Wigner tomog-
raphy of the U = H (Hadamard) gate. Quaternions corresponding to a Hadamard gate are
A=C=-0.7071 and B = D = 0. Similar to Fig. 4.23, actual and reconstructed droplets
are presented in A. The simulated and experimental scaled process droplets (a) fi, (b) fa,
(¢) f3, and (d) f4 are shown in B, and the corresponding expectation values are shown in C.
The values of quaternions after employing the reconstruction algorithm with optimization are:
AP = 0.6566, B{P' = 0.0172, CP* = 0.7540, and D" = 0.089 See Fig. C.3 for additional
details on optimization results.
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Chapter

5 Adaptive Approach for Wigner
Process Tomography

The approach discussed in Chapter 3 for the tomography of known processes requires
an implementation of a controlled-U operation cU™N+1 to map a given N qubit unitary
process matrix, UN! onto a N + 1 qubit Hermitian density matrix, p[N 1. Experi-
mentally, implementing a controlled version of a unitary process matrix U differs from
implementing the unitary process U itself. Therefore, the information obtained through
process tomography pertains to the controlled version of U rather than process matrix U.

The process tomography approach discussed in Chapter 4 acknowledges this limitation
and provides a generalized approach for tomography of unknown processes. An essential
step for this approach is the circuit illustrated in Fig. 4.5, which is designed to map
N qubit scaled unknown process matrices, U,EN] = .UM onto N + 1 qubit Hermitian
density matrices p[é\i i (see Eq. 4.17). This is achieved by iteratively applying the
circuit £ times for different rotations Q,[CN]. An explicit form of the scaling factors €
is given in Eq. 4.18. In general, if the unitary process UM is completely unknown,
i.e., no prior partial information is available, the circuit may be repeated up to 4~
times, with Q,[CN] encompassing all elements of the Pauli operator basis, as discussed in
Sec. 4.2. However, if partial information about the process U is given, it can be used
to design an appropriate rotation G, thereby reducing the number of circuit repetitions, k.

For example, for a single-qubit (N = 1) system, presented in Sec. 4.6.1, the number of
circuit repetitions is k = 4, with rotations g}” = 0y, %1] = 0y, QQ] =0,, and QE] =1,
which can be reduced to a few repetitions in this adapted approach if a reasonable
guess of the process is available. For example, if a desired target gate Ui, is to be
implemented, a reasonable guess for the actually realized gate U, by a circuit will be
the Uiar. We illustrate the adaptive approach in Fig. 5.1 using noise-less examples and
an iterative version of the adaptive approach in Fig. 5.2 using noisy data.

In figure Fig. 5.1, the first column shows the guess process droplet fgu. corresponding
to the guessed process, Uge = X(NOT) gate in all the three examples. The second
column displays the actual process droplet f, corresponding to the actual process U,
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Figure 5.1: Examples of the reconstruction of unknown actual processes using the adapted
approach. The first column shows the droplets corresponding to the presumed (guess)
process Ugye = NOT. The second column illustrates the droplet corresponding to the actual
experimental process U,, showcasing variations in rotation axis and angle (see main text)
compared to the Ugye. The third column presents the tomographed droplet, and the fourth
column displays the reconstructed actual droplet estimated from the tomographed droplet.

realized expenmentally The third column exhibits the tomographed scaled process
droplet f corresponding to the scaled process matrix U= eU,, with

¢ — ;tr((Ua)TUgue). (5.1)

In this adaptive approach, the circuits are performed only once with G = Ugye. Finally,
the last column shows the estimated droplet (fest) after reconstruction, which involves
estimating the process matrix of tomographed droplet f and normalizing it (the approach
discussed in supplementary Sec. C.2 can be directly employed by replacing fcomb by f ).

Now, we discuss different examples presented in Fig. 5.1. As stated earlier, the guess
process Ugye in all three examples is a NOT gate, with rotation angle v = 7 and rotation
axis 7 = (1,0,0) (refer to Eq. 4.7). However, in the first example, showcased in the top
row of Fig. 5.1, the actual process (U,) has a different rotation axis 77 = (0.8, 0, 0.6),
but the same rotation angle, i.e., v = w. This discrepancy in the rotation axis is
evident from the orientation of the actual droplet f, shown in the second column
compared to the guess droplet fyu. shown in the first column. The tomographed scaled
process droplet f = €fq, with € = 0.8 (computed using Eq. 5.1) is shown in the third
column. Finally, the fourth column shows the estimated droplet fes, which reconstructs
the actual unknown process droplet f, precisely (compare the actual process droplet
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and reconstructed process droplet shown in the second and fourth columns, respectively).

Similarly, in the second example, showcased in the middle row of Fig. 5.1, the actual
process (U,) has a different rotation angle v = 0.57, but the same rotation axis, i.e.,
1 = (1,0,0). The discrepancy in the rotation angle v is evident by the shape of the
actual droplet f, shown in the second column compared to the guess droplet fgue
shown in the first column. In this case, the tomographed droplet shown in the third
column is scaled by € = 0.7071 compared to the actual droplet f, in the second column.
The fourth column shows the estimated droplet fes, which reconstructs the actual un-
known process droplet f, precisely (compare droplets of the second and fourth columns).

In the third example, showcased in the last row of Fig. 5.1, the actual process (U,)
has a difference in both the rotation axis (77 = (0.8,0,0.6)) as well as the rotation angle
(v = 0.57). This discrepancy is evident by the orientation and the shape of the actual
droplet f, shown in the second column compared to the guess droplet fg. shown in
the first column. Here, the tomographed droplet shown in the third column is scaled
by a factor of € = 0.5657 compared to the actual droplet f, in the second column.
The fourth column shows the estimated droplet fes, which reconstructs the actual un-
known process droplet f, precisely (compare droplets of the second and fourth columns).

The examples in Fig. 5.1 showcase the efficacy of the adapted approach to estimate
the unknown process U, from the tomographed droplet, utilizing only a single repetition
of the tomography circuits with G = Ugye. In this noise-less example, only one iteration
is sufficient to obtain the actual process droplet U, from the tomographed droplet f
due to its high signal-to-noise ratio. However, in the presence of noise, this might not
be possible. In the next section, we introduce an iterative approach to estimate the
actual process droplet from noisy tomographed droplet.

5.1 Iterative version of the adaptive approach

Here, we present an example in Fig. 5.2 to demonstrate an iterative version of the
adaptive method for Wigner process tomography. Similar to the examples depicted in
Fig. 5.1, the initial guess process Ugye is a NOT gate, with a rotation angle v = 7 and
a rotation axis 7 = (1,0,0). However, the actual process U, deviates from the guess
process Ugye, having a rotation angle v = 0.5 and a rotation axis 7 = (0.8,0,0.6).
Here, we employ two iterations (marked as 1 and 2 in the figure) to reconstruct the
actual process with a high signal-to-noise ratio from the tomographed droplets.

In the first iteration (top panel), the tomographed droplet f (1 corresponding to the
scaled process U, = €1U,, obtained by choosing the gate G = Ujye, resulting in a scaling
factor of €1 = 0.5657. This results in a tomographed droplet with a low signal-to-noise
ratio and estimates the process droplet f;ﬂ with a fidelity of 0.9864. Here, we employ
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a second iteration (shown in the bottom panel), where the tomographed droplet f 2]
corresponding to the scaled process Uy = exU, is obtained by choosing the estimated
process droplet fegl from iteration 1 as the G gate. This results in a tomographed
droplet with an improved signal-to-noise ratio from which the process droplet f(ﬁl is
estimated with a fidelity of 0.9981.

Guess Actual Tomographed Estimated

PP s P
. & &

[ %
0 7w 27

Figure 5.2: Demonstration of the reconstruction of the actual unknown process from noisy
tomographed droplets using the iterative adapted approach. The first column displays the
droplet corresponding to the guessed process, U = NOT gate. The second column illustrates
the droplet corresponding to the actual experimental process U,. The third column presents
the tomographed droplets for iterations 1 and 2, along with the estimated droplets from the
tomographed data.

The adapted approach, in general, is experimentally less resource intensive in com-
parison to the general approach presented in Fig. 4.8, particularly in terms of circuit
repetitions k. Despite this efficiency, it still provides sufficient information about the
actual unknown process, as demonstrated by single-qubit examples in Fig. 5.1 and
Fig. 5.2. The adaptive approach can also be extended to multi-qubit unknown gates,
where prior partial information, i.e., guess process, can be leveraged to design the G
gate to efficiently estimate the actual process U, while requiring fewer repetitions k.
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Chapter

6 Discussion and Outlook

The aim of this thesis has been two-fold: first, to develop a general approach for Wigner
tomography of quantum states and known quantum processes for pure-state quantum
devices, and second, to extend this tomography approach to unknown quantum processes.

Chapter 1 established the groundwork of this thesis by discussing some fundamental
concepts of quantum computing and the visualization approach for quantum operators.
Chapter 2 and Chapter 3 of this thesis adopts the methodology described in Ref. [14,
16] to enable Wigner tomography on pure-state quantum devices. We demonstrated
the experimental implementation of these tomography approaches on IBM quantum
devices. The experimentally measured droplet shapes provide a unique, vivid visual
representation of abstract quantum operators, which reflects their essential features.
For example, for a single-qubit, the droplet orientation provides the same information as
the Bloch vector representation. However, the DROPS representation is not limited to
single-qubit systems but can also be used to visualize states and processes in multi-qubit
systems, where different droplets provide information about the expectation values of
multi-qubit operators, such as 01,09, or 01,092,092, etc.

Chapter 4 extended the Wigner tomography to unknown unitary quantum processes
by addressing the limitation of mapping an unknown process matrix onto a density
matrix. The study provides a novel approach to map scaled versions of the unknown
unitary process matrix onto density matrices, which enables the tomography of corre-
sponding scaled process droplets. We showed how these scaled process droplets can
be combined to reconstruct the unknown process for a single-qubit system. We also
demonstrated the reconstruction approach using the experimental results obtained from
the IBM quantum devices. We also discuss an adaptive approach for performing Wigner
process tomography in Chapter 5, resulting in a resource-efficient approach compared
to the general approach presented in Chapter 4.

In this thesis, the following points have been explicitly addressed and discussed:

1. We discussed the visualization of quantum operators using the DROPS represen-
tation with examples in Sec. 1.2.

2. The description of DROPS tomography was rewritten in the language of quantum
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10.

information processing instead of the language of NMR. A simple example is
the consistent use of Pauli operators o, 0y, and o, instead of corresponding
spin operators I, I, and I, which are not only unfamiliar outside the NMR
community but also differs by a factor of two. Another example is the description
of quantum operations in terms of elementary quantum gates using the quantum
assembly language (QASM) nomenclature instead of their descriptions in terms
of rotations and pulse sequences.

. Whereas it is natural to measure expectation values directly on ensemble quantum

processors, in pure-state quantum processors, expectation values are typically
estimated by averaging the outcomes of projective measurements for many repeti-
tions of the experiment. The measurement of expectation values of single-qubit
and multiqubit operators necessary for DROPS tomography is explicitly discussed.
See relevant Sec. 2.4 and Sec. A.3.

. The fact that DROPS tomography of unitary processes requires an ancilla qubit

to be prepared in the maximally mized state could create the false impression that
it cannot be applied to pure-state quantum processors. We removed this hurdle
by explaining (see Sec. B.2) and demonstrating (see Sec. 3.4.1 and Sec. 4.6.1) how
the concept of temporal averaging can be used to circumvent this problem.

. We also showed how to implement discretized scalar products between droplet

functions defined on a finite number of sampling points (see Sec. A.2) and how to
use them to extract the standard matrix representation (see Sec. 2.3 and Sec. 3.3)
and the fidelity of states and processes based on experimentally measured droplets.

. We presented the results of a numerical study on the effect of different sampling

schemes on the fidelity with which states can be experimentally tomographed in
Sec. 2.5.

For a convenient adaptation of the Wigner tomography of state and known
quantum processes, we provide a Python package DROPStomo [27] for a direct
implementation using Qiskit. These packages can also be adapted to other
frameworks in a straightforward way.

. We developed an approach to perform Wigner tomography for unknown unitary

quantum processes by overcoming the existing limitation of mapping an unknown
process onto a density matrix.

. We discussed the existing naive circuit in Sec. 4.1 and identified its limitations

(blindspots) in providing a complete mapping of an unknown process matrix onto
a density matrix using a simple state vector and density matrix formalism.

We developed an extended version of the circuit in Sec. 4.2, which removed the
blindspots and enabled the mapping of scaled versions of the unknown process
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matrix onto density matrices. This allowed us to experimentally tomograph the
scaled versions of the unknown processes.

11. We developed a reconstruction algorithm, an approach to rebuilding an unknown
unitary quantum process from the experimentally tomographed scaled process
droplets. We demonstrated the potential of the reconstruction algorithm to

rebuild the process matrix from noisy droplets using several numerical examples
in Sec. 4.4.1.

12. We demonstrated how the reconstruction algorithm can be combined with an
optimization routine and discussed the benefits gained from this integrated
approach (see Sec. 4.4.3 and Sec. 4.5).

13. During the experimental implementation of the Wigner process tomography
approach on IBM devices, we detected the phase shift in qubit gg. We quantified
and corrected it using the calibration approach discussed in Sec. 4.6.1.

14. We experimentally demonstrated the Wigner tomography approach for unknown
processes on IBM devices and showcased the results using the reconstruction
algorithm in Sec. 4.6.1.

15. We discussed a resource-efficient adaptive approach for Wigner process tomography
and showcased it using examples in Chapter 5.

The state and the known process tomography approaches presented in Chapter 2 and
Chapter 3, respectively, have limitations similar to conventional tomography methods
with respect to the number of qubits due to the exponential growth of the Hilbert space
dimension. However, for a small number of qubits, Wigner-type DROPS tomography
forms an easily implementable alternative approach with additional benefits and without
any extra cost in terms of experimental time and signal-to-noise ratio. In particular, the
DROPS visualization allows one to see the type of errors present in a given realization
of quantum states and processes directly.

The Wigner tomography approach for unknown processes presented in Chapter 4 fills
a gap in the general theory work of Wigner tomography but is resource-intensive in
comparison to the conventional tomography approaches [3] both in terms of a number of
qubits and the number of experiments. In general, for the Wigner tomography of an N
qubit unknown process, 2N + 1 qubits are required. The total number of experiments
required for different system qubits NV is dependent on the number of expectation values
to be estimated along with the circuit repetitions for different controlled-G operations.
Although the total number of experiments in terms of the number of controlled-G
operations can be significantly cut down by employing an adaptive approach discussed
in Chapter 5. In the near term, for devices with a limited number of qubits, where the
scalable error correction is not viable, the long experimental implementation time of
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the CSWAP gates used in this approach also results in a loss of signal-to-noise ratio of
the tomographed droplets.

The unknown process tomography approach can be used as a tool for “quality check”
of the unknown gates. For example, consider a scenario where a particular quantum
computer can execute all the gates necessary for the tomography approach with very
high fidelity. Suppose we are given a target random gate to evaluate its performance on
this particular device. We can plug this target gate directly into our tomography circuits
and perform the full unknown process tomography to extract information about the
performance of the random gate. Alternatively, we can also do this using the adaptive
approach, assuming that the controlled version of the target gate can also be executed
with high fidelity. In this case, only a few experiments can provide information about
the random target gate. This kind of “quality check” would not have been possible
with the existing tomography approach of known processes, which provides information
about the controlled version of the process rather than the process itself.

In the near future, the Wigner state tomography approach and the Python package
associated with it can be directly used to tomograph the multi-qubit states to visually
demonstrate the classical and non-classical correlations that are being developed in our
research group. The Python packages will also be developed further for an extended
number of qubits. We have observed that the effect of relaxation channels, such as
amplitude damping and phase damping, can be directly visualized using the droplet
representing a quantum state of a system. We are, therefore, brainstorming ideas of
how to experimentally tomograph these effects using the Wigner tomography approach.

The tomography approaches presented here are entirely general and can be tested
on different types of qubits, such as neutral atoms and superconducting, which are
developed within the framework of Munich Quantum Valley to compare and benchmark
the performance of different quantum computers.
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A Appendix of Chapter 2

A.1 Generating basis droplets

Here, we present the transformation from Pauli operators to complex spherical harmonics
to generate the basis droplets for one and two qubits. The general basis transformation
from Pauli to tensor operators is taken from Ref. [1]. The basis droplets can be generated
for a chosen set of angles o and f3.

A.1.1 One qubit

Basis droplet functions (f,,) for k£ € {0,1,2,3} in terms of complex spherical harmonics

(Yjm) for one qubit are:

foo (B, ) = ﬂyoo(ﬁ,a)

fo.(B,0) =Y11(8, ) — Y11(5, @)

fo,(B,0) = i(Y1-1(B, ) + Y11(B, @) (A.1)
fffz(ﬁya) = \/§Y10(ﬁ704)

Where oy corresponds to identity.
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A.1.2 Two qubit

Basis droplet functions (f,, ) for k& € {0,1,...,15} in terms of complex spherical
harmonics (Yj,,) for two qubit are:

fo’o(ﬁua) = Ybo(ﬁ,O&)

1
fﬁ'lz(/B7a) = ﬁ(mfl(ﬁaa) - }/11(67&))

1

fmy(ﬁa@) = \/5(}/1—1(5705) —|—Y11(ﬁ,0&))
fglz(/87a) :}qo(ﬁ,@)

Fon. (B,00) = \2(%_1(5, &) — Y (8.0))

1

fUzy(ﬁaO‘) = \/5(}/1—1(5704) +Y11(6705))
fUzz(ﬁﬂO‘) :Ho(ﬁao‘)

frven(8.0) = Z=Yia(F.0) + 55-2(8.0) = —=¥in(.0) + 5Veu(o0)
1 . _
orea(B:0) = —Z=Yi0(8,0) + SYoa(8,0) = S¥n(B,a) (A.2)

]

foren(6:0) = =¥ 1(5,0) = S¥n(Br0) + 3¥a1(B,0) = 3¥ar(B0)

fGIyQI(/B’a> = _i}/yl()(ﬁ)aa) + ;YVQQQB?O[) - ;YéZ(ﬁaa)

V2
frun(.0) = Z=Youl5. ) = 5¥a-a(8 ) = —=¥in(5,0) = 5Vea(f0)
o (8,0) = $11(8,0) = 5¥u(8,0) + $¥51(5, ) + SV (5,00
S (8,0) = $11(6,0) + S¥u(8,0) + 35 1(6,) = 3¥aa(5,0)
S (3:0) = =3V1-1(8,0) + SY(5.0) + $Va1(3, ) + 3Voa(5,0)

1 2
f0'1z22(67 Od) = %}/00(67 Oé) + \/;Y20(67 Oé)
Where oy corresponds to identity.
A.2 Scalar product for tensor operators and spherical functions

The scalar product between two tensor operators Ty and Ty is defined as

(Ta|Tp) = tr(T)Tg), (A3)
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A.3 Calculation of expectation values

where TA is the adjoint (conjugate transpose) of operator T4. The tensor operators
T4 and Tp can be mapped to spherical droplet functions f4(6, ¢) and fp(6, ¢) using
Eq. 1.15. The scalar product of Eq. A.3 is by construction identical to the scalar product
of the droplet functions defined as [14]

Ua0.01a0.0) = [ [ £30.0)fnl0. )00 (A)

This definition corresponds to the following simple procedure: for each point on the
surface of a sphere, the complex conjugate value of the spherical function f,4 is multiplied
by the value of the spherical function fp and the integration of the resulting prod-
uct f} fp over the surface of the sphere is the value of the desired scalar product (fa|fz).

If the spherical functions are only known at a finite number of sample points (6;,¢;)
the scalar product can be approximated by a corresponding discretized scalar product
of the form

(falfB) = Zwif}kx(@,@)fB(@i,cbi) ~ (fa(0,9)|f(0,0)). (A.5)

A.3 Calculation of expectation values

A single qubit general state is given by,
[¥) = col0) + c1]1) (A.6)

the probability of the state in |0) is po = |co|? and for state in |1) is p; = |c1|?, and
where po + p1 = 1. A quantum circuit is repeated several times (depending on the
number of shots Ny) to generate a probability statistics for the state (|co| or |¢q]) of
quantum system. The density matrix corresponding to state |0) and |1) is,

20 = 0)(0] = (}) 8) o= 11| = (8 (j) (A7)

and the operator o, is given by,

which can also be written as,
0, =00— 01 (A.9)

and hence the expectation value of ¢, is given by

{02) = (00) = {o1)

<Uz> = Po — D1

91



A Appendix of Chapter 2

Similarly the expectation value of 1 is,
(1) =po+p =1 (A.11)
For a two-qubit system, the general quantum state is
1Y) = c00|00) + co1]01) + €10]10) + c11]11), (A.12)
the expectation value of operator 0,09, is

(012022) = (000) — (001) — (010) + (O11)

(A.13)
(012022) = Poo — Po1 — Pio + Pi1-

where 045, and pgp for a,b € {0,1} are the density matrices and probabilities corre-
sponding to state |ab). The other expectation values such as (01,), (01,02, etc. can
be calculated by using the local unitary operations (u(&")) as the detection-associated
rotation step.

A.4 Plot of the mean fidelity as a function of the total number of
shots

Here, the plot of the mean fidelities F, for four different sampling schemes and the
standard state tomography method as a function of the total number of shots Ny, is
presented. Fig. A.1 shows the same data as in Fig. 2.9 and in addition, provides the
standard deviations. Fig. A.2 shows results for the same numerical study for an equal
superposition state ) = %UO) + [1)).
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A.4 Plot of the mean fidelity as a function of the total number of shots
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Figure A.1: Plot of the mean fidelity (Fs) as a function of the total number of shots (Ny,) for
different sampling techniques and for the standard state tomography method applied to the
quantum state [¢) = (—0.69 — 0.098:)|0) + (0.66 + 0.307)|1). The mean fidelity is calculated
by repeating the simulation 100 times for each data point. In the simulation, only the noise
due to a limited number of shots is considered. The standard deviations are shown by the
vertical bars for each point.
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Figure A.2: Plot of the mean fidelity (F,) as a function of the total number of shots for
different sampling techniques and for the standard state tomography method applied to the
quantum state |¢)) = %(|0) +11)). The mean fidelity is calculated by repeating the simulation
100 times for each data point. In the simulation, only the noise due to a limited number of
shots is considered. The standard deviations are shown by the vertical bars for each point.
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B Appendix of Chapter 3

B.1 Proof of equivalence of Eq. 3.5 and Eq. 3.6

After the mapping of the process matrix onto the density matrix, the Eq. 3.4 can be
written as:

1

N+1 _

where 0 = $(0, +i0y), and 0~ = (0, —ioy). The equivalence of Eq. 3.6 and Eq. 3.5
can be shown by the following steps which transform Eq. 3.6 to Eq. 3.5:

0[N 0[N N+1
silot ® Tias ) men = sjtrl(et @ Tyos oy )

[ (oIv] TOWNIN (1IN (I
:Sth' <0[N] 6’[]\’% U[N] ]l[N]

(O[NTrr[N] (O[N]
TOWNyN 7O

= s;trlTjo U]
)N
= strl(Tas U™

0[N
= 5;{Tjag [UMD).
Note that axial tensor operators are Hermitian, i.e., (IEKQEN])T = (1}{??1) [14].
B.2 Temporal averaging to create maximally mixed states

For Wigner quantum process tomography, the preparation of the system qubit in a
mazximally mixed state is required (see preparation (P) step in Sec. 3.2). As stated
in Sec 3.4.1, in our experimental implementation, a temporal averaging approach [56,
57] was used to prepare the maximally mixed state. A detailed explanation of this
approach and alternative methods are provided in the following.

B.2.1 Creating maximally mixed state from pure states

In general, there is an infinite number of different ways to prepare the “maximally
mixed state" pp, of a single-qubit (N = 1) based on an ensemble of pure single-qubit
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states [57]. For example, the maximally mixed state can be realized using an ensemble
of two extremal pure states [1;) and |]5) corresponding to two antipodal points on the
Bloch sphere:

o Lo (1 0y Lo Ly

Hence, for the single-qubit case, the preparation of a maximally mixed state leq]m can

be realized by simply repeating the experiment twice and averaging the measurement
results (which we refer to as temporal averaging here): once by starting with the pure-

state |0) (corresponding to the density operator |0)(0| = ((1) 8)) and once by starting

with the pure-state |1) (corresponding to the density operator [1)(1] = (8 (1))) Note
that the average density operator of the two experiments is identical to the desired
maximally mixed state pr}Lm.

A relatively straightforward alternative approach to preparing the system qubit in
the maximally mixed state would be to prepare it in the state |0) and to repeat each
experiment multiple times, where, in each repetition, it is randomly decided (with
50% probability) whether to flip the qubit using a NOT gate. However, the standard
deviation of the average population of state |1) from the expected value of 0.5 decreases
only with the inverse of the square root of the number of repetitions in this probabilistic
approach. Hence, a large number of repetitions would be required to minimize this
additional noise source due to the imperfect realization of the completely mixed state.
For example, to achieve a standard deviation of less than 0.005, about 8000 repetitions
would be necessary, even in the case of perfect gate operation.

Another alternative way to create a maximally mixed state is by creating a maximal
entanglement between the system and an ancilla qubit and partially tracing out of the
ancilla qubit. However, this approach requires additional resources (both in a number
of qubits and gates) compared to the scheme presented here.

B.2.2 Creating the maximally mixed state of a two-qubit system by temporal
averaging

For the case of a two-qubit (N = 2) system, the maximally mixed state pﬁ]m is of the

form
100 0
1 1{o100| 1 1 1 1
o = 717 = 2 == J01) (014> [10)(10]+ > [11)(11]. (B.4
Pmm = 4 2lo o 1 o = 71902(00]+7101){01]+7[10){10]+ 7 [11)(11]. (B.4)
000 1

In this case, the preparation of pﬁ]m can be realized by simply repeating the experiment

four times (for all the computational basis states) and averaging the measurement
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results.

B.2.3 Creating the state |+)(+| ® 2LN]1[N I required for process tomography of
unitary gates

This section gives a detailed calculation of the preparation step P (see Sec. 3.2) for one
and two-qubit Wigner process tomography. For single-qubit process tomography, two
qubits gg and g; are required and the preparation step requires preparing qubit ¢y in

an equal superposition state |[+) = —=(]0) + |1)) and ¢; in a maximally mixed state

V2
1

5]1[1]. The corresponding density matrix is given by

) _ Tjm_ 1t 1y 110} 1
po =R @I =011 1)®500 1)~ 1

This maximally mixed state of qubit ¢; is achieved using temporal averaging (see
Eq. B.3), i.e., by averaging measurement result of two experiments initialized in states
[U1) = |+) ®|0) = | +0) and |1)2) = |[4+) ® |1) = | + 1). The two corresponding density
matrices are

O =

(B.5)

O = O =

—_ O = O
—

_— O = O

1 010
2] _ _1jo 0 00
00 00
and
00 00
c _ _ 1 0101
0101

(2]

Therefore, the density matrix p;  can be prepared by averaging the density operators

pi" and py:

o) 1l 1
Py = §P[1} + 50[2]' (B.8)
Similarly, for a two-qubit process tomography, three qubits qg, ¢q1, and g2 are required.
The preparation step requires preparing qubit go in an equal superposition state |+)

1
and qubits ¢; and g9 in a maximally mixed state 11[2]'

pgﬂ can be achieved using Eq. B.4 as follows:

This resultant density matrix

o = )+ ® i]lm = éy+00><+00\ + é\+01><+01y + ;|+10><+1oy + ;y+11><+11\.

(B.9)
This corresponds to performing four different experiments and averaging the output
density operators.
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B.2.4 Expectation values for mixed states

Here, we explicitly show that the expectation values for a mixed state can be expressed
as an average of the expectation values of pure states. The expectation value of an
observable A is given by

(A), = tr(Ap). (B.10)

The density matrix p can be written in its spectral decomposition as

2N
p =" pilBr)(Brl, (B.11)
k=1

where pj, are non-negative coefficients which add up to one and |3x) are the basis states.
Eq. B.10 can be rewritten as:

(A)p =tr (A > pklﬂk>(ﬁk|>
= (B.12)

2N
= Z Dk <A>|ﬂk)<5k|‘
k=1

Hence, for the special case where p is the completely mixed state with identical
coefficients p = 2LN7 the expectation value (A), is simply the average of the expectation
values for the pure states |5x). For example, for a single qubit, the maximally mixed
state 1111/2 can be written as: where |8;) = |0), |82) = |1), and p; = py = 5. This
implies that experimentally estimating the expectation value of an observable A for the
mixed state % can be realized by averaging the expectation values from two different
experiments, one in which the qubit is in the pure state |0), and another in which the
qubit is in the pure state |1).
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C.1 Generalization of Eq. 4.10

The density matrix pg = |1o){t)g| corresponding to the state |1)p) in Table 4.3 is:

V] g [N IN] g N
1 S ® a S ® a
(p pa i ©p ) D

p2NHI (10) + [1)((0] + {1])

N o ] _ L
2 ©ps O pa N [N o [N]

2 p[sN] X pa Ps & pa

where ps = |1s) (V5] and p, = [14)(1a|) represents the initial density matrix of the
system qi, ...,qn and the ancilla ¢f, ..., ¢} qubits, respectively. The density matrix
p1 = |1){¢n], i.e., after the first controlled-swap block of the circuit presented in

Fig. 4.5 is:
.I.
[2N+1] _ 12N 02 [2N+1] 1N 0PN
n 02N swaplN ) 0| 08N gapl2N]

(C.2)
1 PN & piM (PN @ pl)swapl2M]
2 \ swap2V] (p[sN} ® pLN]) piM @ plM]

The matrix form of the controlled-swap gate is provided in Eq. 1.14. After operation
1IN+ @ UV (second block of circuit in Fig. 4.5) one obtains

T
P2 0[2N] 1V & Uyl 1 0[2N] 1V & [V]
! o e UM TN (o) @ U swapV (1M @ (1)1
2\ @ & U swapV (Y & p) 01N A @ U N (N '
(C.3)

The density matrix after applying the second controlled-swap block (third block of
circuit in Fig. 4.5) is

oy 1 (0 @ UN @I oMUV e U Y
S T2\ v o NNy E NI (N g N ) (€4
UMps™ @ pa (U UM ps (U @ pa

2
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After controlled rotation (cGy) (the last block of circuit in Fig 4.5), the resulting density
matrix is

N N N N t
p[2N+1} _ e 0! p[2N+1] e 0]
! 012V 1IN @ gV |7 012V 1IN @ gV
1( A e UMM MU e U (g )
2\ & gV N Nyt uI N N 6 I B (g )

(C.5)

After tracing out NV ancilla qubits ¢f, ..., ¢% (indicated by the red block in the circuit
depicted in Fig. 4.5), the density matrix is

ver 1 Pk PN U (U] I (G IV o)
A e A R G A

Here tr(g,LN} p,[lN](U [NT)1) is the scaling factor mentioned before. This factor depnds on
unknown process UV and rotations Gy, with different values of k.

In case when initially, the system gqi,...,qn and the ancilla qubits ¢f,...,q% are
both in a fully mixed state, i.e., ps = p, = %N]lm, Eq. C.6 modifies as:

fgs 1 (]1[1\1} GZ(U[N])T)

(C.7)

S T 2D | iVl V)

which can be rewritten as:

[N]

e 1 (“m “@)j (C.8)

Uk T 9N+1 N ) :
2 U}L} 1V

with scaling factor
1 N
o = 5 (UMIGE). (C.9)
Here ¢}, is the complex conjugate of €;. Eq. C.7 shows the mapping of an N qubit

unknown process matrix UM onto an N 4 1 qubit density matrix up to a scaling factor
€k.

C.2 Estimation of unitary process matrix from fcomb

For estimating a single qubit (N = 1) unitary process matrix from the combined process
droplet feomb (defined in the step 4 of Algo. 4.1), we use a methodology described in
Sec. 3.4.1. As defined in Eq. 3.15, any single-qubit unitary process can be expressed in
terms of Pauli operators [3] as

3
Um = Z CrLOL (0.10)
k=0
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C.2 Estimation of unitary process matrix from fcomb

with in general complex coefficients ¢, for k € {0,1,2,3}. Where oy is a 2x2 identity (1)
matrix, while 01, o2 and o3 are the standard Pauli matrices o, oy and o, respectively.
Using Eq. 2.16, the coefficients ¢ are obtained by calculating the scalar product between
the basis droplets f,, (refer to Sec. A.1.1) and the combined droplet fcomb:

Co = <f00|fComb>
c1 = (fo,| feomnb)
¢2 = (fo, | feomn)
¢z = (fo. )

In an ideal noise-less scenario, the coefficient ¢q is purely real and the coefficients ¢, ca,

(C.11)

f comb/ -

and c3 contains only non-zero imaginary components [3]. But in the case with noise
(limited number of grid points, etc.), this generally does not hold, which leads to a
non-symmetric matrix. Here, we present two methods to construct unitary matrices
from the coefficients ¢; and show their equivalence using a numerical example.

Method 1

In the first method, to construct a matrix Uy, we only consider the imaginary part
of the coefficients ¢, ¢o, and c3 and only real part of the coefficient ¢g. Using this
consideration, a process matrix can be formed as follows:

Uy = Re(co)1 + i(Im(ey)oy + Im(ca)oy + Im(cs)os), (C.12)

which results into a symmetric matrix:

U, — ( Re(co) +iIm(cs)  Im(c2) + iIm(cl)) .

. . (C.13)
—Im(ez) +ilm(c1) Re(eg) —ilm(ces)

This matrix is not necessarily unitary. The estimated quaternions from U; (see Eq. 4.15)
are:

=Im(U1(2,1)) = Im(cq)
= —Re(U1(2,1)) = Im(co)
= —Im(U;(1,1)) = Im(c3)
= Re(U1(1,1)) = Re(co).

(C.14)

These quaternions are normalized such that, Ny = A? + B? + C? + D? = 1, leading to

; ianes A, — A1 R B — O N, — D1
new normalized quaternions: A; = AL B, = NI C, = NI and Dq VIR These

new normalized quaternions result in a special unitary matrix:
. Dy +iCy By +iA;
- \=Bi+id, D, —iCy.)

(C.15)
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Method 2

In this method, to construct a matrix Us, we take the full contribution of coefficients ¢y,
such that a process matrix can be formed using the general definition of Eq. C.10 as:

Uy = col + 10, + a0y + c302, (C.16)

which results in a matrix that is not necessarily symmetric, i.e., does not follow the
matrix structure of Uy in Eq. C.13. Here, to use the complete information, the estimation
of quaternions from the matrix Us must be computed by taking an average of different
matrix elements:

Ay = 3 (Im(Ua(1,2)) + Im(Ua(2. 1))

By = 5 (Re(Ua(1,2)) - Re(Ua(2,1))
2 (C.17)

Dy = ;(Re(Ug(l, 1)) + Re(U2(2, 2))).

These quaternions are normalized such that, Ny = A2 + B2 + C2 + D2 = 1, leading to
: e Ao A p _ By A& _ C M. _ D
new normalized quaternions: Ay = \/—]\2[—2, By, = \/—]\2[—2, Cy = \/—]\2[—2, and Dy = \/N% These

new normalized quaternions result in a special unitary matrix:

N Dy +iCy By +idy

Uy = N - R (C.18)
—By +iAy Dy —iCh.

Example

Here, we consider an example with shot noise for the estimation of the unitary matrix
from the droplet feomp. The coefficients ¢ computed using Eq. C.11 are:

co = 0.7470 — 20.0083
c1 = —0.0056 + ¢0.1525

. (C.19)
co = 0.0026 4 ¢0.3479
cs = —0.0010 — 70.5599.
Using Method 1
The matrix U; computed using Eq. C.12 in method 1 is:
0.7470 —40.5599  0.3679 + ¢0.1525 (C.20)
- \—0.3679 +40.1525 0.7470 +i0.5599 ] '
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The estimated quaternions from the above matrix are: A; = 0.1525, B; = 0.3679,
C1 = —0.5599, and Dy = 0.7470. The matrix after the normalization of quaternions is:

. 0.7412 —40.5555  0.3452 +40.1513
U, = . (C.21)
—0.3452 +40.1513  0.7412 + i0.5555
Using Method 2
The matrix Us computed using Eq. C.16 in method 2 is:
0.7460 — 70.5682  0.3424 + i0.1499
= . (C.22)
—0.3535 +70.1551 0.7480 + 70.5516

Note that the above matrix is not symmetric. The estimated quaternions using Eq. C.17
are: Ay = 0.1525, By = 0.3679, Cy = —0.5599, and Dy = 0.7470. The matrix after the
normalization of quaternions is:

) 0.7412 — i0.5555  0.3452 + i0.1513
U = . (C.23)

—0.3452 +¢0.1513  0.7412 4 ¢0.5555

Both approaches lead to the same unitary matrix, i.e., Uy = Us,. In our study, we use
method 1 to estimate a unitary matrix from the droplet feomp.-

C.3 Additional experimental figures

1.5 0
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Figure C.1: Additional figures for the reconstruction using experimental tomography data of
the X gate shown in Fig. 4.23. The figure shows the correlation matrix (left), plot of cost with
iteration (middle), and plot of non-fidelity (1 — Fy/) in the logarithmic scale with iteration
(right).
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Figure C.2: Additional figures for the reconstruction using experimental tomography data of
the Z gate shown in Fig. 4.24. The figure shows the correlation matrix (left), plot of cost with
iteration (middle), and plot of non-fidelity (1 — Fy/) in the logarithmic scale with iteration

(right).
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Figure C.3: Additional figures for the reconstruction using experimental tomography data of
the Hadamard gate shown in Fig. 4.25. The figure shows the correlation matrix (left), plot of
cost with iteration (middle), and plot of non-fidelity (1 — Fy/) in the logarithmic scale with
iteration (right).
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Appendix

D NMR experiments for Wigner

tomography of unknown quantum
processes

The experiments for Wigner tomography of the unknown process for a single system qubit
were also performed on a Nuclear Magnetic Resonance (NMR) quantum information
processor. This appendix includes the pulse design for the CSWAP block, which is
experimentally crucial, along with some experimental details. These are a progression of
experiments performed in our group for the demonstration of scanning-based tomography
approach for quantum states [14] and known processes [16] on NMR.

D.1 The NMR system

In an NMR quantum information processor, nuclear spins (/) within a molecule are
treated as qubits [65, 66, 25]. Generally, a qubit is associated with a two-level spin-1/2
system. For example, in our demonstration experiments, we used a three-qubit sample,
as shown in Fig. D.1. The three distinguishable spins (1°F, *C, and 'H) can be
addressed individually and are coupled by a spin-spin coupling (.J).

85.553 ppm

O=—=0
o

(@)

Co CoHs 161.9 Hz

H5 ~
o e No”

1H/ 19F
@ 47.64 Hz

5.421 ppm -196.288 ppm

Figure D.1: On the right, a schematic of 2-'3C-2-fluoromalonic-acid-diethyl-ester molecule
is shown, which is dissolved in CD3CN to be used as a three-qubit sample. On the left, a
topology of three individual qubits is shown with their chemical shift (in parts per million)
and coupling constant between them (in Hertz).
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D NMR experiments for Wigner tomography of unknown quantum processes

Before proceeding further, we define the product operator basis used in NMR. The
four basis operators for a single spin-1/2 system are given by

1 (01 1 (0 —i 1(1 0 1(10
L=~ L=~ L= L=+ . (D1
’ 2(1 0)’ v 2<z' 0)’ ? 2(0 —1)’ ° 2(0 1) (D-1)

These product operators form a complete basis for a single spin system. The basis
can be extended to a N spin system by computing the tensor products. For example,
[e=1® - ®1®I1,01®---® 1, where I, corresponds to basis operator I, of k"
spin and a € {z,y, z,0}.

In NMR, a system Hamiltonian (Hy) can be written down as a summation of a
natural Hamiltonian Hy and a control Hamiltonian H. [67]. The natural Hamiltonian

is given by
Ho = 2rvopli: + Y 20Tl .. (D.2)
k i<k
Where 271y = wg = —vBy is the Larmor frequency of a nucleus, v is a gyromagnetic

ratio and By is a static magnetic field. J;;, is a spin-spin coupling constant between
nucleus j and k. The control or radiofrequency (rf) Hamiltonian is give by

H.= Z 2mvi[cos(ag) Ike + sin(ou) Iy (D.3)
k

Where 271 = wy and « are the frequency and phase of By (radiofrequency) field,
respectively. The B field acts from the zy plane with phase angle varying between 0
to 2m. Unitary rotation can be achieved by varying the control Hamiltonian (H.) with
time t. A time evolution propagator under the effect of H, is given by

U. = exp ( — i{ Z 2 [cos( o) I + sin(ak)fky]}t) (D.4)

k

Where wit = 0 is the rotation or flip angle, for example, a rotation around z axis with
7 angle can be simply written as exp(—im/l;). These varying rf fields are commonly
known as pulses and can be designed in such a way to implement a particular process
or gate experimentally.

As described in Sec. 4.6, for a single qubit system, performing an unknown process
tomography in the context of finite-dimensional Wigner representation requires a total
of three qubits. Each block of the quantum circuit (see Fig. 4.20) can be achieved by
the application of suitable radio frequency pulses in NMR. One of the blocks of this
quantum circuit is a Controlled-SWAP (CSWAP) gate, and implementing it on NMR
with high precision is a crucial part of this experimental work. In the next section, we
describe the design of this gate.
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D.2 Design of CSWAP gate

D.2 Design of CSWAP gate

The CSWAP gate is a three-qubit quantum gate that swaps the information between
two qubits if the control qubit is in a state |1). The matrix representation of the
CSWAP gate is given by

chwap =

O OO O oo
(il ool ell s
O O OO = OO
OO o = OO O
O R O O O o o
O OO O o oo

SO OO OO oo
O = O O O O oo

0000 0 1

A pulse sequence corresponding to this gate can be designed by using average Hamil-
tonian theory [62]. The time evolution propagator for the CSWAP gate be written
as

Ucswap = exp(—iHegt), (D.5)

where Heg is the effective Hamiltonian [67] which effectively acts on nuclear spins when
a pulse or B field is applied. Considering ¢ = 1, the equation can be rewritten as

Heff _ - log(chwap)

D.6
27 127 (D-6)
The resulting effective Hamiltonian in terms of product operators is

H 1

2;’? =3 (I 4205 I35 + 200y I3y + 215, I3, — 411 oy I3, — 411 1oy I3y — 411,15, 13.). (D.7)

Using Eq.D.5 the operator Ueswap can be written in terms of product operators as

Usswap = €XP (—¢7T112> exp (—zﬂzlgzlggg) exp (—z”212y13y> exp(—iﬂ2123132>
4 4 4 4

- - . (D.8)

exp (i44]1zfgx13x> exp <i44]1zl2y[3y> exp (i44]1zfgzlgz> .

Hence, a CSWAP gate can be realized experimentally by implementing a pulse sequence

corresponding to each term in the above equation. Now, we discuss the transformation
of these terms into pulse sequences.

Implementing a rotation of § around Iy, axis can be achieved directly by using a hard
(full power and short duration) pulse. Bilinear terms can be realized by decomposing
them into hard pulses and delays:

H H
exp (—iZZ[gzlgz) = exp (—z’ 16(]023> exp(—imli,) exp (—2' 16;23) exp(im(log + I32))
H

H
exp (—z’ 16;23) exp(imli,) exp (—z’ 16;23) exp(—im(loy + I3)),
(D.9)
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where Jo3 is the coupling constant between spin 2 and 3. The term exp(—z’lg(; 3) isa
delay term that corresponds to a free precession of spins under the influence of natural
Hamiltonian Hy, without any rf pulse. The other bilinear terms can be implemented by

transforming them as follows:

exp (—iWQIQQ;ng) = exp (—2'7;([23/ + Igy)> exp (—z’ZQInggz) exp (i;([gy + Igy)),

1
(D.10)
and
exp(—iZQIgy [3y> — exp (—zg(fgx 4 1390)) exp<—¢Z2IQZJ3Z) exp (ig(lgz 4 ng)).
(D.11)

The trilinear terms can be realized by decomposing them into bilinear terms [68, 69] as
follows:

exp <¢Z411212213Z> - exp(—ig2llzlgm> exp (iZQ]legz) exp (igzhsz). (D.12)

Similarly, other trilinear terms can be decomposed as follows:

™ ™ ™
_2'5(123/ + Igy)> exp <Z44[12122133) exp (ZQ(IQy + Igy)),

(D13)

exp <iZ4Ilz[2x13m> = exp (
and

exp <¢Z411212y13y> — exp (—ig(lgx + ng)) exp <¢Z411212213z) exp (ig(lgx + 1395)).
(D.14)
Using this decomposition, we designed a pulse sequence to experimentally implement a
CSWAP gate.

An NMR system is prone to different kinds of experimental errors. One of the most
common errors is a pulse amplitude error, which directly reflects in the flip angle 6 (as
6 = wit). This can occur due to By (rf) inhomogeneity in the sample. The other reason
could also be an error in the pulse calibration. Another common error is an offset error,
which corresponds to a movement of the chemical shift of a spin, resulting in pulses
being off-resonance. Ideally, a pulse sequence should be robust to these two errors for
a good experimental performance. In Fig. D.2, we show the error profile of the pulse
sequence corresponding to the CSWAP gate.

Fig. D.2 shows that the error (logio(1 — Fy)) of the CSWAP gate decreases consider-
ably with the variation in pulse amplitude. To make it robust for the pulse amplitude
error, we used a genetic algorithm [54]. For robustness optimization, the original pulse
sequence of the CSWAP gate was used, and genetic algorithms optimized it for different
flip angles occurring because of changes in pulse amplitude. Fig. D.3 shows the resulting
error profile of the optimized pulse sequence. The optimized pulse sequence is more
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30

20

10 -

Offset (Hz)
o

-10 F

20k

-30
-30 -20 -10 0 10

Pulse amplitude variation (%)

Figure D.2: Error profile (log10(1 — Fy)) for pulse sequence of CSWAP gate with variation in
pulse amplitude (z axis) and offset (y axis).
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Figure D.3: Error profile (logio(1 — Fy)) of an optimized pulse sequence for CSWAP gate
with variation in pulse amplitude (x axis) and offset (y axis).

robust to errors than the original sequence for the pulse amplitude variation. The
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total pulse duration for the original sequence is 26.7 usec, whereas, for the optimized
sequence, the duration is 25.6 usec.

D.3 Experimental results

We performed the experiments for the tomography of unknown processes on a Bruker
Avance 1T 600 MHz spectrometer using a 5 mm Shigemi tube. The preliminary experi-
ments showed promising results for the individual blocks of the circuit (see Fig. 4.20),
but the full experimental results had some errors that we could not fully understand at
that point. As a result, we focused on the development of the tomography algorithms
for the general-purpose pure-state quantum computer and their implementation on
physical devices.
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