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Characterisation of a travelling-wave parametric amplifier for improved qubit mea-
surements

HAMPUS RENBERG NILSSON
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Abstract

In order to build a large-scale quantum computer, one of the requirements is high-
fidelity multiplexed qubit readout, which in turn relies on the use of ultralow-noise
amplifiers. While Josephson Parametric Amplifiers (JPAs), using a cavity with
few Josephson junctions, have shown promising results for single qubit readout,
they have limitations such as low saturation power and a gain-bandwidth product
restriction. This makes them less suited for frequency multiplexed qubit readout. A
current-pumped Josephson Travelling-Wave Parametric Amplifier (JTWPA), using
4-wave mixing in a lumped-element transmission line, features both high saturation
power as well as no restriction on large bandwidth and high gain. This is possible
due to multiple junctions and the lack of a cavity. However, also this current pumped
JTWPA has an inherent problem, namely phase mismatch between the pump and
the signal. This prevents exponential gain. In this thesis, a current pumped JTWPA
using the resonant phase matching (RPM) technique to reduce the phase mismatch
problem is studied and characterised. The JTWPA shows high gain, high saturation
power and a large signal-to-noise ratio improvement. The JTWPA is also used for
qubit readout, for which it clearly improves the readout fidelity.

Keywords: parametric amplifier, parametric amplification, low-noise amplifier,
ultralow-noise amplifier, Josephson effect, Josephson junction, Josephson travelling-
wave parametric amplifier, TWPA, JTWPA, Josephson parametric amplifier, JPA,
signal-to-noise ratio, qubit, scattering theory, directional coupler, isolator, circu-
lator, VNA, digitizer, bandwidth, gain, average gain, microwaves, quantum effi-
ciency, noise temperature, fidelity, single-shot readout, noise floor, noise power,
up-conversion, down-conversion, frequency mixing, [Q-mixer, arbitrary waveform
generator.
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1

Introduction

This chapter aims to introduce the reader to basic concepts relevant for the rest of
the thesis. The main goal of the thesis is to improve quantum computation using
the studied amplifier, therefore we start by introducing the basics of quantum com-
putation. Then, since a Josephson junction is at the heart of the amplifier studied
here which consists of a superconductor-insulator-superconductor junction, we con-
tinue with introducing superconductivity and then the Josephson effect, the concepts
necessary to understand the Josephson junction. Then we continue with cryogenic
cooling, i.e. the technique to reach the temperatures where these phenomena take
place. Lastly we describe the basic concepts of parametric amplification.

1.1 Quantum computation

Quantum computation is the name of the computation process of a quantum com-
puter, using quantum mechanical effects in order to execute certain algorithms.
This allows for a significant computation speedup for certain problems [1]. The ba-
sic building block of any quantum computer is a qubit!. The basic idea of a qubit
is a two-level system that can be put in a superposition state as well as entangled
to other qubits. In reality there are usually higher energy levels, but due to a large
enough anharmonicity in the qubit the two lowest states can be distinguished from
the other states.

A qubit can be built in many different ways, but in this thesis only superconducting
transmon qubits have been used. Superconductivity will be explained in Section 1.2
while qubit theory will be explained in Section 2.2. In order for superconductivity to
work the qubits need to be cooled down below their critical temperature, therefore
cryogenic cooling will be explained below in Section 1.4. The methods about how
to calibrate and use a qubit will be explained in Section 3.3.

LQubit is short for “quantum bit”, where “bit” refers to the basic information unit of a classical
computer.
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1. Introduction

1.2 Superconductivity

Superconductivity is a phenomenon which most people associate with zero resis-
tance, i.e. current flow without dissipation, which is achieved once the material is
cooled below a certain critical temperature 7; [2]. This is however not the whole
picture.

Firstly, there are mainly two characteristic properties of a superconductor, the first
is the known zero resistance property while the other is the Meissner effect. The
Meissner effect is the phenomenon that a superconductor completely expels magnetic
fields from its interior, see Figure 1.1, except for a tiny fraction of the field at the
edge of the material on a tiny characteristic length scale, the penetration depth A. A
perfect conductor, i.e. a conductor with zero resistance, would simply require that
the internal magnetic flux density is constant, ,B = 0, which is not as a strong
statement as the Meissner effect which states that B = 0 [3]. Superconductivity is
thus more than simply perfect conductivity. The Meissner effect is enabled by the
flow of dissipationless supercurrents creating an equally strong magnetic field, but
in the opposite direction, as the externally applied one.

B
—
Transition
=
T<T,
— J < J.
H< H,
Normal state Superconducting state

Figure 1.1: Illustration of the Meissner effect. (Left) Some metal in its normal state, i.e.
not superconducting at the moment, is put in a magnetic field B. (Right) The transition
to the superconducting state has taken place and all magnetic field B is now expelled from
the material. The dotted circle illustrates the characteristic penetration depth A\ for which
the magnetic field manages to penetrate the metal. The blue arrows indicate the flow of
supercurrents creating the magnetic field of opposite direction which enables the Meissner
effect.

Furthermore, a superconducting material does not only have a critical temperature
T, but also a critical current density J. and a critical external magnetic field H.. If
any of these are exceeded, superconductivity is broken and the material goes into a
resistive state, i.e. the normal state.

These critical values are not independent of each other; if one of the parameters
(T, J,H) is increased, the critical values of the others are decreased. One could
say that the critical temperature is a function of current density and magnetic flux
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1. Introduction

density, T.(J, H), where the maximum of this function is when J and H are zero,
i.e. max (Te(J, H)) = T..(0,0). But one could just as well say that the critical current
density is a function of temperature and magnetic field, J.(7', H), or that the critical
magnetic field is a function of temperature and current density, H.(T,.J) [4].

When the material goes into its superconducting state, electrons pair up in so called
Cooper-pairs. Then they form a so called superconducting condensate, which can
be described by a single wave function with an amplitude and a phase describing all
the electrons in the condensate.

1.3 Josephson effect

An interesting and very useful superconducting phenomenon is the Josephson effect,
which takes place within something called a Josephson junction [5]. A Josephson
junction consists of two superconductors connected to each other via some kind of
weak link between them, usually an insulating material, see Figure 1.2. There are
lots of variations of the weak link, it could be a resistive conductor, a ferromagnetic
conductor, another kind of superconductor, etc, but I will not go into this deeper
here since it is not relevant for this thesis. The interested reader is referred to
Reference [6] for further reading. The junctions used in this thesis use an insulator
as weak link.

Weak link
Superconductor | Superconductor

U1 = /e P2 = \/nye®

Phase difference 9 := 05 — 6

Figure 1.2: Tllustration of a Josephson junction. Two superconductors are connected via a
weak link. Each superconductor has its own wave function ¢; where n; is the Cooper-pair
density and 6; is the phase. The phase difference § is defined as the difference between the
phases of the two superconductor’s wave functions.

For an ideal Josephson junction the Josephson relations can be derived [6] to be
Iy=1.sind “Josephson 17, (1.1a)
Uy =@o “Josephson 11", (1.1b)

where Uj is the voltage over the junction, Ij is the current through it, g := h/(2¢)
is the reduced superconducting magnetic flux quantum, I, is the Josephson junction
critical current and 0 is the phase difference over the junction.

Note that for zero voltage, Uj = 0, there may still be a supercurrent I < I. through the
junction. For currents greater than the critical current, 7.e. I > I, superconductivity
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1. Introduction

is broken and the junction transitions into a resistive state. These relations, usually
referred to as the “Josephson relations”, give rise to a nonlinear inductance Lj called
“the Josephson inductance”, which will be derived in Section 1.3.2.

1.3.1 The ideal and real Josephson junction

For any real Josephson junction the interfaces of the superconductors act as tiny
capacitor plates, giving rise to an intrinsic capacitance of the junction, Cy. This is
easily accounted for in circuit schematics by replacing the real Josephson junction
with an ideal junction, which obeys the Josephson relations given in Equations (1.1a)
and (1.1b), in parallel with a capacitor with the capacitance Cj, see Figure 1.3.

Real

IE Cy
Ideal
ICaCJ Vi
I

Figure 1.3: (Left) Schematic of a real Josephson junction with critical current I. and
intrinsic capacitance Cy. (Right) Circuit equivalent schematic with an ideal junction with
the same critical current I, in parallel with a capacitor with the same capacitance Cj.

1.3.2 Josephson inductance

Inductance describes how much an electrical conductor opposes a change of the
electrical current through it [7] and is defined by

d/
U=L—. 1.2
P (1.2)
We now apply this concept to the Josephson relations to calculate the Josephson
inductance. First we use the relation from Equation (1.1a) to calculate I; as
dr. -
d—;:fccosé-é. (1.3)
Then we solve Equation (1.2) for the Josephson inductance using Equation (1.1b)
together with Equation (1.3),

Uy ol Lo

=—< = - = 1.4
Iy I.cosd-§ cosd (14)

J

where Ljo := po/l. is a characteristic constant of a Josephson junction which is
completely determined by its critical current. By using the trigonometric identity
we can rewrite the cosine as

cosd = +\1-sin?§ (1.5)
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1. Introduction

where the sign is positive for ¢ € [-7/2,7/2] and negative for § € (7/2,37/2). By
using this and rewriting Equation (1.1a) as ¢ = sind, where ¢ = I/], is a normalised
and unit-less current variable, we can write the Josephson inductance as

Lo
V1-42

As we can see in the equation the inductance diverges as the current approaches the
critical current, ¢ - 1, which can also be seen in Figure 1.4. We also see that the
inductance is non-linear, which is a necessary criterion for parametric amplification.

Ly=+ (1.6)

Using Taylor expansion to the second order for small currents (i << 1) we get
1
LJN:I:LJo(]_-FiZQ) (17)

which is an approximation we use later. The approximation is also plotted in Fig-
ure 1.4. As we see here, the approximation fits well for low currents but approaches
1.5Ly0 for I - I..

= 5Lo : : I I T T T T T
3 Exact value
g ALjo || === 2nd order Taylor expansion |
g
8
U I .
3 3L
e
=
= 2Ly | |
o
g --------------l
R T 1
wn
S
e}

0 |

| | | | | | | |
0o 01 02 03 04 05 06 07 08 09 1
Current i = I/1,

Figure 1.4: Absolute exact and approximate value of the Josephson inductance of a Joseph-
son junction for a current I € [0, I.). The inductance for I = 0 is Ljo, increases for I # 0 and
diverges as [ — I..

1.4 Cryostats and the dilution refrigerator

A cryostat? is used to reach very low temperature, usually < 4K. Cryogenic tem-
peratures can be achieved with different kinds of refrigeration techniques such as
helium-4 evaporation, helium-3 evaporation, Pomeranchuk cooling, nuclear mag-
netic refrigeration, helium-3-helium-4 dilution, etc [8]. All the experiments in this
thesis have been performed within a Bluefors LD dilution refrigerator which uses
the last of these refrigeration techniques.

2Cryo means cold and stat means stable.
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1. Introduction

The dilution refrigerator is a specific kind of cryostat which can reach ultra low tem-
peratures, typically < 30mK, and is currently the only known continuous refrigera-
tion method for temperatures below 300 mK [8]. Details about dilution refrigerators
and their cooling mechanism are described in Reference [8]. A shorter description
of the dilution refrigerator is described in Reference [9)].

1.5 Parametric amplification

The amplifier studied in this thesis is a parametric amplifier. A parametric amplifier
is an amplifier using some kind of energy source in order to modulate a parameter
of a dynamical system to add energy to the signal desired to amplify, instead of
adding the energy directly to the signal. Parametric amplification does not require
any energy dissipation, making it possible for them to reach quantum-limited noise
performance [10].

1.5.1 An intuitive example: a massive particle in a parabolic
potential

The principle of parametric amplification is presented in Figure 1.5.

—

()

(d)

Figure 1.5: A visual representation of parametric amplification. The signal we want to
measure is the movement of the particle and the parameter is the curvature of the parabolic
potential. (a) The signal is very weak, i.e. the particle only moves slightly back and forth.
(b) The particle has just reached its maximum height and is about to turn back. (c¢) The
parameter is changed, i.e. the curvature of the potential, right before the particle starts moving
in the other direction, which makes it go a little higher. (d) The particle has reached the
lowest point, now with more momentum than before, and the parameter is changed back. (e)
The particle has just reached its new maximum height and the parameter is changed again,
raising it even higher. (f) The parameter is changed back and the particle goes back and
forth in a much bigger parabola than before, i.e. the signal has been amplified by changing
the parameter back and forth.

In this example the signal is a massive particle moving back and forth within a
parabolic potential and an amplified signal would be equivalent to the particle reach-
ing a higher maximum position in the potential. To accomplish this we could push
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1. Introduction

the particle and hence directly add energy into the system. But alternatively we
could, by using parametric amplification, change the curvature of the potential back
and forth. By increasing the curvature when the particle is at a high position we
increase its potential energy, hence giving it more total mechanical energy. Then by
decreasing the curvature when the particle is at a low position, we do not remove the
newly added mechanical energy while we make it possible to increase the curvature
again. Then we can increase the curvature once again when the particle reaches
its new maximum height. In this way the change in the parameter, by twice the
particle frequency, leads to signal amplification.

1.5.2 The Josephson Travelling-Wave Parametric Amplifier

The amplifier treated in this thesis is a certain kind of parametric amplifier called a
Josephson Travelling-Wave Parametric Amplifier3, which uses the non-linear induc-
tance of Josephson junctions to achieve parametric amplification of microwaves.

The specific JTWPA treated in this thesis is from MIT, by MIT referred to as “MIT
TWPA package 665”. In this thesis it is referred to only as “the JTWPA”. It is one
of MIT’s 5* generation JTWPAs.

Another kind of superconducting parametric amplifier is the Josephson Parametric
Amplifier (JPA), which is based on a cavity with few Josephson junctions. For this
design, the gain-bandwidth product [11] has a restriction which forces the designer
to choose between high gain in a narrow range or low gain in a wider range [12].
Due to the low number of junctions, it also features a low saturation power.

In comparison, the JTWPA is not based on a cavity and is thus not limited by
the gain-bandwidth product. It can therefore have a much larger bandwidth while
also having high gain. Due to the use of multiple junctions, instead of a few in the
JPA, it also has a higher saturation power. This makes it much more suitable for
multiple applications, e.g. multiplexed readout of qubits on the same readout line,
i.e. amplifying several signals at different frequencies simultaneously.

1.5.3 Pumping types

Generally in parametric amplification the signal that modulates the parameter is
usually referred to as the pump. More specifically for TWPASs there are both current
pumped and flux pumped TWPAs (see more in Section 2.4.3), i.e. the pump is either
an alternating current travelling in the same line as the signal, or it is an alternating
magnetic flux, inductively coupled to the signal line.

There are also two different amplification processes that can take place, either three-
wave mixing or four-wave mixing, and they can be either degenerate or nondegener-

3Short: JTWPA, or just TWPA, pronounced “two-pa”.
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ate, as shown in Table 1.1. For the different types of amplification there are different
relations between the frequencies which can be found in Table 1.1.

Table 1.1: Frequency relations for different types of parametric amplification. Table is copied
from Reference [13]. f, refers to the pump frequency, fs to the frequency of the signal to be
amplified and f; the frequency of the idler. Note that degenerate four-wave mixing never is
used in reality since then fs = fp.

Three-wave mixing | Four-wave mixing
Degenerate ~ B
amplification ; - J{ ¥ lff ifp_ y ki } fi
(phase-sensitive) sTJi72Jp s=Ji=Jp
Nondegenerate
amplification ;P;J{SJ’fi ?f;;—ffﬁfi
(phase-insensitive) s 7 Ji s Ji

For energy to add up, all amplification processes involve the generation of another
signal called the idler, and the type of mixing affects the frequency it will get. For
three-wave mixing the idler frequency is symmetrically placed around half the pump
frequency, with respect to the signal frequency, while for four-wave mixing the idler
frequency is placed symmetrically around the pump frequency.

For degenerate amplification, also known as phase-sensitive amplification, it is pos-
sible to achieve noiseless amplification. This is possible due to “quantum squeezing”.
The information of a signal is stored both in its amplitude and its phase. When
using quantum squeezing, we amplify one of the quadratures? while we de-amplify
the other [13].

In the regime of degenerate 3-wave mixing, to get parametric amplification it is im-
portant that the pump power is below a certain threshold, otherwise the parametric
amplification turns into parametric oscillations. Parametric oscillations can also be
used for certain applications [14]-[18], also in the nondegenerate case [19], but it has
not been studied in this thesis.

For a current pumped TWPA the non-linear inductance of the Josephson junctions
permits four-wave mixing [20]. Furthermore we want the amplification to be phase-
insensitive, otherwise the signal frequency will be equal to the pump frequency
making it hard to distinguish, so the relevant type of amplification in our case is
the nondegenerate four-wave mixing, see the lower right corner of Table 1.1. Note
that as mentioned above, for four-wave mixing the frequency of the idler will be
symmetrically placed around the pump with respect to the signal, i.e. if the signal
frequency is 1 GHz below the pump, the idler frequency will be 1 GHz above the

pump.

4The two quadratures can be regarded as the real- and imaginary parts of the complex valued
signal.



2

Theory

This chapter aims to give the reader a sufficient understanding of the relevant the-
ories for this project. First there is a section about microwave theory, since the
signals that we use and amplify are microwave signals. Then we go to something
completely different, namely qubit theory, since we will use qubits for several mea-
surements throughout this thesis. Then there is a part about noise theory, since our
goal is to reduce the noise and to do this we need to understand where the noise
comes from and how to avoid it. Finally there is a section about JTWPA theory
where the JTWPA structure and gain derivation are presented.

2.1 Microwave theory

This section will give a brief overview of some microwave theory relevant for the
project. Microwaves are typically in the range 3 - 300 GHz, corresponding to wave-
lengths of 10 cm to 1 mm in vacuum. Because of these short wavelengths, standard
circuit theory cannot be used directly in many cases since it assumes the wave
lengths to be much longer than the elements they propagate through. For further
reading on the subject the reader is recommended to see Reference [21].

2.1.1 Scattering theory and the scattering matrix

When describing waves travelling through some sample and interacting with some
kind of elements, scattering theory turns out to be useful to characterise the observed
effects. If we have an N-port! network, where U is the amplitude of the incoming
voltage wave at port ¢ and U is the amplitude of the outgoing voltage wave at port
7, then the scattering matrix relates the incoming and outgoing voltage amplitudes
in the following way:
Uy Suoo Sy || U

=y : : (2.1)

Uy Sn1 - Snnv || Ux

LA port is simply a connection point between one system and another.
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or simply just
U =8SU" (2.2)

which describes the scattering of the voltage amplitude of each wave. A general
picture of a 3-port network is depicted in Figure 2.1.

If a system is characterised by a symmetric scattering matrix, i.e. S;; = Sj; Vi,7, we
call it reciprocal, while if S;; # S;; for at least one pair of indices 7, j, then we call it
non-reciprocal [21].

Uy Uy

Figure 2.1: A general scattering for a 3-port network. Microwaves with the voltage am-
plitudes U;" enter the network at port ¢ € {1,2,3} and leave the network with the voltage
amplitudes U; .

In general the diagonal elements of the scattering matrix describe the reflection at
the ports, while the off-diagonal elements describe the transfer between ports. In
a more specific example, for a 2-port network with port 1 = IN-port and port 2 =
OUT-port it follows that Ss; relates to the transmission through the device while
S11 relates to the reflection at the IN-port.

2.1.2 Impedance matching

When a signal travels from one medium to another it is either reflected or trans-
mitted depending on the characteristic impedance of the two media. The reflected
power is given by the reflectance R which is given by

Ty — 74
I:= = 2.
S 7ot Zl’ ( 3a)
Zy— 7112
R:=1T? = 2.3b
T 7.+ 7, (2.3b)

where Z;,1 € {1,2} are the characteristic impedances of the two media. We see that
R=0if Zy = Zy while R # 0 for Z; # Z5. In order words, if the two media have the
same characteristic impedance, the impedance is matched and there is no reflection,
while if there is a difference, the impedance is mismatched and we have a non-zero
reflection. In other words, the Si;-element of the scattering matrix directly relates
to the impedance matching as well as the reflection at the IN-port.
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2.1.3 Directional coupler

The directional coupler is one of the components used in this thesis, which we are
now going to describe using scattering theory. It is a 4-port network which consists
of two lines coupled to each other, usually called the “main line” (port 1 to port 2)
and the “coupled line” (port 3 to port 4), see Figure 2.2a. Ideally, if we send a signal
into port 1, some of the power? P; going into port 1 will exit out of port 4 given by
the coupling C, Py = P, — C', while the rest goes out of port 2 given by the insertion
loss L, P, = P, — L. Equivalently the same applies to the coupled line; some of the
power going into port 3 exits out of port 2, P, = P; — C, while the rest of the power
goes out of port 4, P, = P;— L.

Another important property of a directional coupler is the directivity, which relates
the amount of power going into port 3 to the amount going out of port 1. In other
words, if a signal with power P; goes into port 3 then a signal with power P3—C' - D
exits out of port 1. For an ideal directional coupler the directivity is D = oo dB
which is equivalent to saying that none of the power going into port 3 goes out of
port 1. However, in reality it is finite.

The arrows in the directional coupler in Figure 2.2a show how the ports couple to
each other. However, in this work we have always terminated port 4 and only used
the directional coupler to couple the pump to the input of the JTWPA. This is
illustrated in Figure 2.2b.

Directional Directional
coupler coupler
Port 1c oPort2 P - P - P -L
P> [ h -p P:J,—C—D<—c — O—>P3—C
Port 4 Port 3 504 Pyt
P4 i PS T —
@ ®)

Figure 2.2: A directional coupler. (a) A general directional coupler without anything
connected to its ports and with directions of input and output powers defined for the usage
of this work. (b) A terminated directional coupler giving it the desired property of adding
two signals together. Two signals with the powers P; and P; enter the coupler as given in the
figure and two signals exit through port 2 with the powers changed due to the effects of the
insertion loss L and the coupling C'. Some of the power P5 also exits out of port 1 due to the
directivity D, also shown in the figure. There is also power going out of port 4, but it is not
shown in the figure since port 4 is terminated with 50 €.

If port 4 is perfectly matched with a 502 termination, see Figure 2.2b, we get the
version of the directional coupler most commonly used. In this setup we get the
desired property of the coupler, for this thesis, that we can send both signals, signal
& pump, to the amplifier.

2All powers here are expressed in dBm and all coefficients in dB.
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A directional coupler is symmetric. We could just as well use port 2 for inputs,
terminate port 3 and send signals into port 4 and these signals would exit, at least
in theory, through port 1 exactly like the signals exit port 2 in Figure 2.2b.

2.1.4 Circulators and isolators

A circulator is one of the components used for this project. An ideal circulator is a
nonreciprocal network with N ports where all of the voltage at port 1 goes out of
port 2, the voltage of port 2 goes to port 3 and so on, and the voltage at port N
goes to port 1.

The elements of the general scattering matrix of the ideal circulator can be written

1, ifi=j5+1 (mod N)

. (2.4)
0, otherwise

Sij,N—port circulator = {

which is illustrated in Figure 2.3.

Circulator . \/

Figure 2.3: A general N-port circulator. The arrows indicate where a signal travels; a signal
entering port 1 exits out of port 2, a signal at port 2 exits out of port 3, and so on, and finally
the signal entering port IV exits out of port 1.

Even though a circulator in theory can have an arbitrary number of ports, it usually
has only 3 or 4 ports [22]. For a 3-port ideal circulator the scattering matrix is
reduced to

(2.5)

S 3-port circulator =

O = O
_ o O
o O =

By terminating one of the ports of a 3-port circulator we get an isolator which works
like a diode for microwaves. In other words, if port 3 is terminated, microwaves can
travel from port 1 to port 2 but not the other way around, see Figure 2.4.
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Isolator Circulator

p—
IN— — |——-0UT <« INe——({)——0UT
509%

Figure 2.4: Similarities between isolators and circulators. (Left) An isolator. (Right) An
equivalent circuit using a circulator with a 50 €2 termination. Note that the circulator will act
as an isolator since signals travelling to the circulator from the OUT-port will exit into the
termination.

For the ideal isolator the scattering matrix is reduced to the very simple form

0 0
Sisolator = ll O] . (26)

In reality we of course never have a completely ideal isolator so there will be some
tiny part reflected at the ports, some power from port 2 going out of port 1 and some
power loss within the isolator. The reflection at the ports is typically negligible but
power loss and power from port 2 to port 1 is not, therefore there are two important
quantities one should know about an isolator before using it, namely:

e The insertion loss L., 7.e. how much power the out-signal has lost compared
with the in-signal when travelling from port 1 to port 2. The insertion loss
reduces the Sp;-element of the scattering matrix in Equation (2.6) slightly
below 1.

o The isolation [, 7.e. how much power the out-signal has lost compared with
the in-signal when travelling from port 2 to port 1. A finite isolation implies
that the Sz-element of the scattering matrix in Equation (2.6) is slightly larger
than zero.

Both of them are typically dependent on frequency.

A double isolator is simply two isolators in a row, or in terms of circulators two
3-port circulators in a row both with a terminated port. This typically gives both a
higher isolation and a higher insertion loss.

2.2 Qubit theory

Now to something completelly else, basic theory of the qubit. The qubit can be any
two-level system [1]. Any qubit state can be described by Equation (2.7a), where
the coefficients «, § fulfill Equation (2.7b). The equations read

[¥) = |0) + B[1), (2.7a)
laf* + |8 = 1. (2.7h)
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Without loss of generality, we can think of the qubit as a spin-1/2 particle in a
magnetic field [23]. By putting the global phase to zero, we can then conveniently
rewrite Equation (2.7a) as

[¥) = COS(%)‘O) + sin(g)eiw

where 6 € [0,7],¢ € [0,27) can be thought of as the angles within a unit sphere
called the Bloch sphere, see Figure 2.5. Note that § = 0 = [¢) = |0) and
0=m1 = [|¢y) =|1), while ¢ contains the phase information of the qubit.

1> (2.8)

Figure 2.5: The Bloch Sphere with a general qubit state [¢)), where the angle 6 € [0, 7]
determines the projection on the z-axis and ¢ € [0, 27] is the angle between the z-axis and the
projection of the state onto the zy-plane. Note that these two angles completely determine
the state of a single qubit.

2.2.1 The transmon qubit

The transmon qubit [24] is a type of superconducting qubit based on the Cooper-pair
box? [25] with an extra capacitor, and is the one that is used in the experimental
work of this thesis. The qubit itself consists of a parallel-plate capacitance in parallel
with either a Josephson junction or a SQUID?*. The transmon used in this thesis
had a SQUID making the qubit frequency flux-tuneable, see Figure 2.6. Another
qubit that is used is a non-flux-tuneable Xmon, which has a very similar design, see
Figure 2.7.

The qubit is capacitively coupled to a quarter-wave resonator which is inductively
coupled to a feed line. The interactions between a qubit and a resonator can be
described using circuit quantum electrodynamics [26], [27]. Due to the inductive
coupling photons travelling through the feed line may interact with the resonator,
which interacts with the qubit. If the resonator and the qubit frequencies are well

3Also known as a charge qubit, a simple circuit with a Josephson junction and a capacitor.
Read more in [25].

4The SQUIDs (Superconducting Quantum Interference Devices) used here are superconducting
loops with two identical Josephson junctions.
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detuned we can use the dispersive approximation to describe the interaction, which
will be explained further in Section 2.2.3.

Inductive coupling

IN  Feed line OUT IN “L ouT
A/4 Resonator / A/4 Resonator

Grounded

Capacitive

K coupling
E Qubit SQUID —)E Qubit

(a) (b)

Figure 2.6: (a) A flux-tunable transmon qubit with a quarter-wave resonator and a feed
line. (b) The former with additional comments.

Inductive coupling

_Feed line OUT IN “L ouT
AN ——=— NN/
A4 R t / A/4 Resonator
/4 Resonator Grounded /

Capacitive

X~ coupling

+ Qublt + QU.blt
JJ.—>

(b)

Figure 2.7: (a) A non-flux-tunable xmon qubit with a quarter-wave resonator and a feed
line. (b) The former with additional comments. J.J. is short for Josephson junction.

2.2.2  Qubit control

In the spin-1/2 particle in a magnetic field-analogy, a magnetic field makes the qubit
state rotate along the direction the magnetic field points. As long as the magnetic
field remains pointing in the same direction, it is easily shown [23] that the exact
shape of the pulse is not of importance to determine how the pulse changes the
qubit state, but only its amplitude-time-integral. For example, a 100ns-100 mV
rectangular pulse will affect the qubit equally as a 50 ns-200 mV will do.

There are then two kinds of pulses of specific interest for qubit control in this thesis.
First let us consider the m-pulse. The w-pulse is a pulse with the integral such that
it rotates the qubit state 7w radians around the some axis, in Figure 2.8 we choose
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the y-axis. For a qubit in the ground state, as in Figure 2.8a, a perfect w-pulse will
put the qubit in the excited state with a 100 % probability.

The second especially interesting pulse is the 7/2-pulse, which only rotates the qubit
state 7/2-radians, see Figure 2.9, making a qubit in ground state go to the equator
of the Bloch sphere, i.e. |0) — %7( 0)+]1) ). A similar pulse is the —7/2-pulse which

rotates —m/2-radians in the opposite direction, i.e. \/Lz_( |0) +11) ) — |0).

0) 0)
1) Ly

(a) (b)

Figure 2.8: Illustration of the w-pulse. (a) The qubit is in its ground state when a m-pulse
is applied. (b) The qubit was just exposed to a m-pulse and is now in its excited state.

10) 0)

) . .
1) 1)
(a) (b)

Figure 2.9: Illustration of the m/2-pulse. (a) The qubit is in its ground state when a m/2-
pulse is applied. (b) The qubit was just exposed to a 7/2-pulse and is now in the superposition
state given by 8 = 7/2, = 0.

2.2.3 Qubit readout

Below we first explain the Hamiltonian for this system, and then how this is prac-
tically affects the choice of readout frequency.
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2.2.3.1 The Jaynes-Cummings Hamiltonian

To fully quantum mechanically describe a qubit in a cavity we use the Jaynes-
Cummings Hamiltonian [28], [29], which reads

1
Hyc = TOO-Z + hw (&T& + 5) + hg (&a+ + &Ta_) . (2.9)

Here wq is the qubit frequency, w is the angular frequency of the cavity, g is the
coupling between the cavity and the qubit, a,a' are the annihilation and creation
operators for photons in the cavity, o, are the excitation and de-excitation operators
of the qubit and o is the Pauli z spin matrix.

In the case of large detuning between the qubit frequency and the resonator fre-
quency, i.e. the dispersive regime where |A| > g, A := wy—w, we can use perturbation
theory to rewrite this Hamiltonian. We assume that the number of photons is below
a certain critical photon number [30] and we can thus rewrite the Jaynes-Cummings
Hamiltonian [31] as

N h&
o = h(w+ x0. )2 + %az, (2.10)

where x := g2/ A is the dispersive shift, 7 = afa is the number operator and @y = wo+x
is the new effective qubit frequency. This Hamiltonian is known as the dispersive
Hamiltonian.

In this dispersive region the photons in the resonator cannot induce any transitions
in the qubit, but the state of the qubit still affects the effective cavity frequency.
We also see that the shift depends on the number of photons n in the cavity.

2.2.3.2 Choosing readout frequency

To readout the state of the qubit, we probe the resonator by sending a pulse at the
resonator frequency along the feedline (recall Figure 2.6) and measure the transmis-
sion. Study Figure 2.10. We can probe the resonator at a frequency which either
give us a big difference of the output in magnitude or in phase, in the figure marked
at a frequency with big difference in magnitude. Then we can deduct the state of the
qubit depending on whether we get high or low transmission. The readout contrast
is determined by the difference between the two curves, see “Readout contrast” in
Figure 2.10. The signal we are interested in measuring is hence the resonator probing
pulse, to see whether many or a few of these photons are transmitted. Information
about the state can also be given by the phase of the probing signal, if one probes
at another frequency with high difference in phase between the states.
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_34 T T T T T
_36 | Potential readout frequency |
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Figure 2.10: A measurement of the dispersive shift, illustrating the effect the state of the
qubit has on the resonator. The readout frequency is swept while measuring transmission
magnitude |Sa;| while the qubit is either in its ground state or its excited state. To readout
the qubit state we pick a frequency in this range where the difference between the two curves is
large, e.g. the frequency marked in the figure, and measure the transmission at this frequency.
Note that the parameters in the box, the coupling strength x, the dispersive shift x and
the resonator-qubit-detuning A, all are expressed in angular frequency, so to get them in
non-angular frequency one has to divide by 2.

2.3 Noise theory

In a noiseless environment any difference between two quantum states, e.g. the states
of a qubit, would suffice in order to unambiguously distinguish one state from the
other. However, in reality there is always noise, making the readout result of a
quantum state distributed in the /@Q-plane [10]. In most cases the distribution is
Gaussian. Then, depending on the overlap between the state distributions, there
will be some uncertainty when trying to determine a state.

The noise has multiple origins; there is vacuum noise, there is noise added by the
amplifier due to Heisenberg’s uncertainty principle, there may be non-idealities in
the equipment used and also losses between the signal source and the first amplifier
which appear as added noise [10], [31].
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2.3.1 System noise temperature

The system noise temperature Ty, which describes the total noise temperature of
a chain of k amplifiers, is given by Friis’ formula,

kTN Tno  Ing
Tiys = —— =TIN1+——+ — + ..., 2.11
Y ;zlGj N1 Gl G1G2 ( )
j=1

where Ty ; is the noise temperature of amplifier ¢ and G is the gain of amplifier j.
This formula can easily be derived, see Appendix C.1.

Note that when G — oo then Ty — T 1. In other words, if the first amplifier has
a large gain, the noise temperature of the system as a whole will be dominated by
the noise temperature of the first amplifier.

2.3.2 Signal-to-Noise Ratio

As mentioned above, if we measure and plot a quantum state in the /Q-plane, the
data points will display a Gaussian distribution. The width of the distribution will
correspond to the noise while the distance between the state and the origin will
correspond to the signal strength and the direction from the origin to the state will
correspond to the phase information about the state.

If we have two states, e.g. the states of a qubit |0) and |1), it is the overlap between
the distributions that determine the fidelity, 7.e. how well we can distinguish the
states. If we amplify the signal and the noise equally then the overlap remains
unchanged. It is hence not only the gain that is an important factor, but the ratio
between the signal and the noise, known as Signal-to-Noise Ratio (SNR).

In other words, if the JTWPA in one case has mediocre gain but a low noise tem-
perature and in another case has a larger gain but also a higher noise temperature,
the former might distinguish the two states better than the latter. For some cases
the JTWPA might even have a large gain but adding so much noise that it actually
makes the readout resolution worse than compared with not using the JTWPA at
all. An illustration of this is presented in Figure 2.11.
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Q &r-1 Q 4&X=18 Q@ £X=08

(a) (b) (c)

Figure 2.11: An illustration of distributed quantum states. The dot signifies the expectation
value of the quantum state and the circle one standard deviation away from the expectation
value. The value % is the difference between expectation values divided by one standard
deviation. (a) The two states have some overlap when only using the other amplifiers. (b) The
states are amplified also with a JTWPA and not much noise is added, resulting in a decreased
overlap. (c) The states are greatly amplified but also much noise is added, resulting in an
increased overlap.

2.3.3 The Standard Quantum Limit

The quantum state distributions depicted in Figure 2.11 cannot get arbitrarily small
standard deviations. Due to Heisenberg’s uncertainty principle, there is a fundamen-
tal lowest value in accuracy possible to achieve, caused by so called “vacuum noise”.
This noise limit corresponds to adding half a noise photon. This limit not even
noiseless degenerate amplification, as described in Section 1.5.3, can surpass.

However, when using non-degenerate amplification, another half a photon must be
added [12] unless the gain is very low [13]. This results in a new lowest limit of
adding one whole noise photon, one half from the vacuum noise and one half from
the non-degenerate amplification. This limit we call the Standard Quantum Limit
(S.Q.L.). As long as we use non-degenerate amplification, we cannot surpass this
limit.

2.4 JTWPA theory

Below the theory to understand the JTWPA, its structure and the theory for the
amplification process, is presented.

2.4.1 Structure and unit cell

The structure of the JTWPA is nothing more than a long chain of JTWPA unit
cells, see Figure 2.12, where the unit cells are built as presented in Figure 2.13.
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Each unit cell consists of n Josephson cells followed by an RPM? resonator.

IN ouT

[] = unit cell

Figure 2.12: A basic overview of the JTWPA structure. Each gray box signifies a JTWPA
unit cell. The JTWPA used in this thesis has approximately 700 of these unit cells.

n Josephson cells

AN
/s N
| Josephson cell | Josephson cell , Josephson cell | RPM resonator
1 1 1 1 1
IN =X — — i T i~ OUT
' I, Cy v 1, Cy v 1 Cs | G|
P 1 1 1 1 1
! = () ! == C) ! a0 ! !
Zchar 1 1 1 1 L Cr 1
: : : : :
1 1 1 1 1
1 1 1 1 1
o— + + +—o0

_L_ :

Figure 2.13: A circuit diagram of the JTWPA unit cell. The unit cell consists of n Josephson
cells, in this figure n = 3, followed by an RPM resonator. The Josephson cell consists of a
Josephson junction with a Josephson inductance Ly, an intrinsic capacitance Cj and a critical
current I, and a capacitive shunt Cy, g € {0,1}, to ground. The RPM resonator is coupled
to the line with a strength set by the capacitance C. and consists of a capacitance C; in
parallel with an inductance L,. The capacitance C; of the n:th Josephson cell is slightly
less than the capacitance Cy of the other Josephson cells in order to compensate for C.. The
relations between these inductances and capacitances are designed such that the characteristic
impedance Z.,, is expected to be close to 50 €.

There is also another convention used in other papers to define the unit cell, e.g.
in Reference [20]. Then the unit cell would either be just a Josephson cell or a
Josephson cell followed by an RPM resonator. In this thesis I have chosen to use
the definition of the unit cell above so that “unit cell” only refers to one kind of cell
and not two different kinds of cells.

SRPM = Resonant phase matching, see Section 2.4.2.
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2.4.2 Resonant phase matching and the stopband

In previous versions of JTWPAs, the JTWPA unit cell only consisted of a Josephson
cell. Then the gain was limited because exponential gain is only achieved for a
low phase mismatch between the signal and the pump, something which will be
shown further down in Section 2.4.4. For a strong pump the phase velocities are
changed due to self- and cross-modulation which gives a phase mismatch and hence
no exponential gain [32].

By adding a resonator, the RPM resonator, to the unit cell the dispersion relation
diverges to infinity close to the resonance frequency of the RPM resonator. Then,
if the pump frequency is set to be just below the resonance frequency of the RPM
resonator, the new dispersion relation will give the wave vector of the pump the
increase necessary to make the phase mismatch small enough to get exponential
gain [32].

Due to these resonators the dispersive feature will effectively work like a stopband
around the resonator frequency. However, when the pump is on, there will be an
effective stopband twice as wide. The reason for this is that we use 4-wave mixing
and hence, recall Table 1.1, the idler frequency will be symmetrically placed around
the pump frequency. Assume that the stopband of the dispersive feature reaches
from flfl)ivsvzr to fﬁilifﬁer with a bandwidth BWg;sp = Sg)spir - liivsfe)r, and that the pump
frequency f, =~ lii;ﬁr. If the signal frequency f; is inside the stopband it cannot
be amplified. But also, if f; is less than BW4yis, below f,, then the idler frequency
fi will end up in the stopband. Then the signal cannot be amplified either, since
parametric amplification requires that the idler also is amplified. We can hence
conclude that the effective stop-bandwidth should have the same upper limit as the
dispersive feature, while the lower limit should reach the distance between the pump
and the upper limit. In other words,

fopmr™ = fipmer = fuppers (2.12a)
litv?zle)fand = I(Li)lvigr - BWdiSp N 2fp - fuppera (2-12b)
BWstopband R fupper - (2fp - fupper) = 2(fupper - fp) (212C)

where f,, is the pump frequency, f.diSp are the lower and upper bounds of the dis-

persive feature (for i € {lower,upper}), f*°***** are the lower and upper bounds of
the effective stopband when the pump is on, and BW; are the bandwidths of the

dispersive feature and the effective stopband respectively (for j € {disp,stopband}).

2.4.3 Current pumping versus flux pumping

In this thesis I have only worked with implementing a current based JTWPA, using
the Josephson cell as shown above. But there are also flux pumped TWPAs, which

are based on SQUID cells instead. The structure of the flux based JTWPA is very
similar to the current pumped one. It also consists of a chain of similar unit cells,
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except that they do not contain any RPM resonators since the phase matching is
inherently good [33]. The other difference is that the unit cell does not contain
Josephson cells, as in Figure 2.14a, but SQUID cells, see Figure 2.14b.

Josephson cell SQUID cell

IN — > OUT IN. o—.
ICaCJ
=— Cy
[ _L_ O
(a)

Figure 2.14: The different subcells for the current pumped JTWPA and the flux pumped
JTWPA. (a) The Josephson cell, the basis for the current pumped JTWPA, just as in Fig-
ure 2.13. (b) The SQUID cell, the basis for the flux pumped TWPA. In the SQUID cell the
Josephson junction is replaced with a DC-SQUID, i.e. two Josephson junctions in parallel
with each other. An inductance Lg is inductively coupled to the SQUID which induces the
flux.

2.4.4 Analytical calculation of JTWPA gain

In this section I will present a reduced version of the derivation of the gain of a cur-
rent pumped JTWPA. The full derivation can be found in Reference [12] Chapter 7
and Appendix A.

2.4.4.1 Derivation of the discrete wave equation

In this section I go through the derivation of the discrete wave equation very similar
to the one done in Reference [12], but slightly different in order to use what we have
already defined and derived.

Study Figure 2.15 and its definitions, where each Josephson junction in each Joseph-
son cell has been split up into an ideal junction and a capacitor.
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Un-1 _”_ [n_;l U, ]C’" 1 _“_ Un+1
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I, lil [g,n—l [qnz »Ll 1, [J,n J ]_q,nH »Ll I
= Cy I == Cy I Cy
| i
J =~

Figure 2.15: A chain of Josephson cells with definitions for voltages and currents. Note that
the Josephson junctions have been split up in ideal junctions in parallel with a capacitor, as
discussed in Section 1.3.1.

We know from Section 1.3.2 that for the n:th Josephson junction
dIJ n 1 I?n dIJ n
Uypn=Lyj,——~Ljll+=-—%|—— 2.13
T = STy JO( N (2.13)

for Iy, <« I.. By noting that the voltage over the n:th Josephson junction with
current Iy, equals the difference between the node voltages, i.e. Uy,, = U,, — Up.1,
we can rewrite Equation (2.13) as

dly, Ly ([Jn)2 dly, dlyn  Liyor, o 1403
Up1-U, =-L — - — = — = — - —. (2.14
! e 2 VL) 0Tt 613[ Jv”] a2
Then by noting that
d dI;
—1I3,=3I7,—= 2.15
dt Jn Jn dt ( )
we get
dly, Ly d
Ups1-U,=-L = =] . 2.16
. A erzde (2.16)
Now by defining the node fluxes ®,, such that
dd
U, = —=" 2.17
% (2.17)
and integrating Equation (2.16) over time we get
Bt = By = ~Lyoly - 2203 2.18
n+l = ¥n = T4LJ0 J,n_G_IE Jn: ( : )

By rewriting this for I;,, and assuming that the nonlinear term is small we get

0
1 1 1
]J,n =5 ((I)n+1 - (I)n) ~ =51 N —— ((I)n+1 - (I)n) (2].9)
Lyo c Ly

And by now putting this approximate value of I, into the cubic term in Equa-
tion (2.18) we get

1
D1 =Dy, =—Lyoly, + m(‘ﬁnn -d,)? (2.20)
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which we can solve for the current to be
1
Iy =———(Ppi1 - P,) + i1 — )3 2.21

=g (B = 8+ (S~ 02) (221)

Now let us note that current conservation implies that
L= 1yn+ Iom, (2.22a)
Iy, =10 -1, (2.22b)
— —[gm = [Jm - IJ7n_1 + IC’,n - [C,n—l- (2220)

The current to ground is given by

d dU d2o,,
T —(0-U,) = T = {Equation (2.17)} = Cy——~ T
and the current corresponding to the current going through the intrinsic capacitance
of the Josephson junction is given by

Iyn=—-Cy— (2.23)

= _CJ (Un+1 U,) = {Equation (2.17)} = (<I>n+1 D,). (2.24)

dt2
Now, let us rewrite Equation (2.22¢). By using Equation (2.21) to express I, —Ij -1
of Equation (2.22c), Equation (2.24) to express I¢,, — I -1 of Equation (2.22c) and
Equation (2.23) to express the left-hand side of Equation (2.22c¢), we finally arrive
at the discrete wave equation for the JTWPA,

d2o,, d? 1
R e il [CREL UL Y -
1 3 3 '
GQOOLJO <(q)n+l - q)n) - (q)n - q)n—l) )

2.4.4.2 Derivation of the continuum wave equation

Now we would like to take the discrete wave equation and turn it into a continuous
equation. The length of the Josephson cell @ = 16 pm [20] and the wave length of
the shortest waves that are going to be used (f = 8 GHz) is ~9.43 mm (on silicon),
giving us that a/A ~ 1.7-1073. We can hence use the approximation that the wave
length of a propagating wave is much longer than the cell, a/\ <« 1, and then we can
replace the node fluxes ®,(¢) with a continuous flux variable ¢(x,t) dependent on
the continuous position x and replace the differences of the discrete wave equation
with their continuous counterparts to the second order in a/\ and we get

9 1 ,0%
(I)n+1 - (b N a% 5 812 s (226&)
0¢ 82925
¢, -P, 1 ma—-— 2.26b
5 0%¢
— ®n+1 2(1) + (I)n 1R CL m (226C)
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and

3 3 D2¢ (0p\?
((I)n+1 - (I)n) B (q)n - (I)nfl) N 30’4@ (%) : (2'27>

Thus we can now rewrite Equation (2.25) as a continuous equation,

992 Coa ot? 0x?  Ljg0x?

+
203 Lyo 022

2 2 92 2 2 4 2 2
[Oa ,02 32 a a] a 8¢(8¢) _o,
ox

(2.28)

which we will call the continuum wave equation of the JTWPA.

2.4.4.3 Summary of JTWPA parametric amplification derivation

The full calculation of the parametric amplification of the JTWPA is rather tedious
but can be found in Reference [12] Appendix A. Here I will only summarise the most
important parts of this derivation. First we use the continuum wave equation of the
JTWPA as derived above with the ansatz that the solutions are forward travelling
waves given by

1 )
¢=) 05 &= §Aj($)el(ij+wjt) (2.29)
J

for j € {s,i,p} where ‘s’ denotes signal, ‘i’ idler and ‘p’ pump. Then we use the slowly
varying envelope approximationb, we neglect the small frequency dependence of the
wave impedances and the small dispersion due to Cy and we use the stiff pump
approximation’. Then with the definitions

Ay = age!®®, (2.30a)
A = a;e!" (2.30b)

i/ CyL
k= — A0 (2.30¢)
a. / 1- CJLJOWJZ

G2k2 |Zchar|2 [ 2
=—r_——|2£ 2.30d
ST e (I) ! (2.30d)
H(Qkp - ki)kskia2
s = s 2.30
LJ()ngg ( e)
k(2k, — ki) kiskia?
. , 2.30f
" LJOngiQ ( )
Akyp =2k, - ks — ki, (2.30g)
Ak ~ Akp -2k, K (2.30h)

5The approximation that the second derivative with respect to unit length is much smaller than
the first derivative times the wave vector.

"we assume the that the energy of the pump remains the same over the length of the transmission
line
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we arrive at the coupled equations

8—; — iKkg@;e' " = 0, (2.31a)
gc;i — ikaseiF = 0. (2.31b)

Here the a; are the slowly-varying amplitudes of the signal and the idler, Aky, is the
phase mismatch in the low pump power limit and Ak is the phase mismatch taking
the self-phase and cross-phase modulation into consideration. Note the approxima-
tion done in Equation (2.30h) is the one done by neglecting the small frequency
dependence of the wave impedances, as well as the small dispersion due to C}.

Assuming that @;(0) = 0, i.e. that initially there is no idler, the solution to Equa-
tions (2.31a) and (2.31b) is then shown to be

as(z) = as(0) (cosh(g:x) - 12A_gk sinh(gx)) eiAka/2 (2.32)

where the gain coefficient g is given by

9=k — (Ak/[2)2. (2.33)
For perfect phase matching Ak =0 we get that

as(x) = as(0) cosh(gx) 20 %as(())egm, (2.34)

i.e. the gain scales exponentially with length. By studying Equation (2.33) we
see that for increasing phase mismatch Ak the gain coefficient g decreases, and
in Equation (2.30h) we see that for increasing pump power, the phase mismatch
increases.

This is why we use the RPM resonators. As mentioned in Section 2.4.2, using
the resonators the dispersion relation just below the resonance frequency diverges,
hence by using a pump frequency in this region we can give the pump wave vector the
increase for the phase mismatch to be close to zero and thereby enable exponential
gain. The full derivation is once again found in Reference [12], while a summary is
presented here. By introducing the cutoff frequency wy = (LJOCg)_% together with
the impedances C., L., C; shown in Figure 2.13 on page 2-13, we get that the wave
vector now can be approximated by

ﬂ)2 . CUJZLJOCC(l - w]erC'r) (2.35)

kja)* ~ (
(kja) Wo 1-w?L(Ce + Ce)

which for certain pump frequencies and pump powers may make the phase mismatch
small enough to get exponential gain.
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3

Methods

In this chapter all the methods used throughout this thesis are described. Firstly
there is a section about cryogenic measurements, where the cryogenic setup is de-
scribed. Then there is a section about CAD designs, i.e. the designs used to mount
and thermalise the components. Then the methods to characterise a qubit are
described and finally the section describing the characterisation methods for the
JTWPA. Even though the section about the JTWPA characterisation is the most
central one for this thesis, the others are also necessary in order to get the whole
picture and to understand the JTWPA characterisation section.

3.1 Cryogenic measurements

Qubits and the JTWPA need to be operated at cryogenic temperatures (7' < 1K).
Therefore all experiments were performed in a dilution refrigerator, with a base
temperature ~ 10mK. The refrigerator is made of multiple stages with different
temperatures, successively reaching the base temperature at the lowest stage, see
Figure 3.1. The input signals all enter at room temperature and continue to the
50 K-stage, then go down to a 3 K-stage, then to the still at ~ 800 mK, then via the
“cold plate” at ~ 100 mK and then finally reach the mixing chamber at ~ 10 mK. At
and between the stages there are attenuators. The high temperature plates (> 3 K)
are cooled using a pulse tube while the low temperature stages get their cooling
power from helium-3-helium-4-dilution refrigeration, as described in Section 1.4. At
the mixing chamber there might be filters, isolators and switches, depending on the
setup, before the signals finally reach their experimental setups respectively. Once
the signals have passed their respective experimental setup there might be more
isolators, filters, etc. (not shown in the figure) while travelling back through the
stages to room temperature again. At the 3K plate they encounter a low-noise
amplifier using a HEMT?! amplifier which amplifies the signals before they exit the
cryostat and reach room temperature amplifiers.

'High Electron Mobility Transistor.
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Input signals Output signals

Room temperature :
ii Room temp.
amplifier

T[I] ~2dB /\ HEMT

Mixing chamber (~ 10 mK)
Cold plate (~ 100 mK)
Still (~ 800 mK)

~3K
~50K

Figure 3.1: A simple schematic of the levels of the dilution refrigerator. Multiple signals,
here marked by the thick line, travel down through attenuators, which are thermally anchored
in the different stages, to the mixing chamber where the experimental setups are placed. These
setups might include some filters,isolators, cryogenic switches, etc. The output signals from
the setups then travel back up to room temperature and are amplified by a low-noise HEMT
amplifier at the 3K stage and then amplified at room temperature using room temperature
amplifiers.

3.1.1 Magnetic shielding at low temperature

As mentioned in Section 1.2 the critical current of a superconductor, and hence of
a Josephson junction, is suppressed by external magnetic fields. And as mentioned
in Section 1.3, the characteristic inductance of a Josephson junction is completely
determined by its critical current. Therefore, if the JTWPA experiences magnetic
flux it will change the inductances of the Josephson junctions which in turn might
then affect its performance. To minimise the influence of external magnetic fields
the JTWPA was magnetically shielded by being put into a box made of CryoPerm
10®, from MpShield®, which is a material specifically made for magnetic shielding
at cryogenic temperatures. Isolators and circulators nearby, which are magnetic by
default, were also put into boxes of CryoPerm. While common magnetic shield-
ing gets lower permeability when temperature is decreased, CryoPerm gets higher
permeability.
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3.2 Design of bracket using CAD

In order to mount the experimental setup? onto the mixing chamber the necessary
components had to be mounted onto a plate and this plate, the “bracket”, had to
have screwing holes matching the ones in the cryostat and the components. This was
done by creating a model in Autodesk ® Inventor ® Professional 2018, see Figure 3.2.
Most holes in the design were made elongated, so that the components could be
moved around a little if necessary. Then this model was fabricated of OFHC3
copper, see Figure 3.3.

One problem with this bracket design was that it was longer than the distance
between the mixing chamber plate and the cold plate. Therefore it could only be
mounted in areas where there was an opening in the cold plate. In order to be able
to mount the JTWPA module in any available area on the mixing chamber plate, a
new shorter design was made, see Figure 3.4, which was also fabricated. This design
fits below the cold plate, and it is less wide than the original bracket (50 mm width
instead of 54 mm) and can still carry both JTWPAs. However, the drawback with
this design is that the cables now need to be drawn on the sides of the bracket, since
all the components now are mounted in a horisontal position rather than a vertical
one, effectively making it wider than the original design.

T
& PUMP-port
o“ £
e

-

&

L

holes

o ) immm
<

(b)

Figure 3.2: The first bracket design of the JTWPA module, designed to be able to carry
two JTWPAs in parallel. (a) Front of the bracket without components. The white- and
yellow-dashed holes were never used for anything. Note that almost all holes are elongated, in
order to be able to adjust the position of the components in order to match the cable lengths.
(b) The bracket with the components for one JTWPA line.

2The experimental setup itself is shown in Section 3.4.
30xygen-Free High thermal Conductivity
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CryoPerm

(b)

Figure 3.3: (a) The JTWPA module, i.e. the JTWPA with all the components necessary
to use it mounted on the bracket. (b) The JTWPA module mounted into the dilution refrig-

erator.

Directional
couplers
mounting
holes

OUT-isolators
mounting
holes

IN-isolators
mounting
holes

Directional
coupler
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‘ isolato
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Figure 3.4: The second bracket design of the JTWPA module, also designed to be able to
carry two JTWPAs in parallel. (a) Front of the bracket without components. Note that all
holes are elongated, in order to be able to adjust the position of the components in order to
match the cable lengths. (b) The bracket with the components for one JTWPA line.
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3.3 Characterisation of qubit

We used a qubit to measure the system noise temperature and the quantum efficiency
of the JTWPA, but first, the qubit needs to be characterised itself. The methods for
characterising the qubit are described below. The theory necessary to understand
this characterisation is described in Section 2.2 on page 2-5.

3.3.1 To determine the ground state resonator frequency

As a first step to characterise and calibrate a qubit, we want to find the resonance
frequency of the resonator f. =w,/(27) when the qubit is in the ground state. This
is done by connecting a VNA? to the IN- and OUT-ports to the qubit feed line and
sweep frequencies in the interval we expect the resonator to be, see Figure 3.5.

5k J
10 \\W—\A\«/\,\A4 4
15 - N

g Nt

-

—_— Multi qubit chip T

9 951 1 2 J

g

7 -30 Aé Bé Cé 1

E

+ + + a

& 4ol 1
45+ 1
50 b A 1
<44 1 1 1 1 1 1 1 1 Bl C 1
-9

4.6 4.8 5 5.2 5.4 5.6 5.8 6 6.2 6.4
Frequency (GHz)

Figure 3.5: A sweep of transmission magnitude of a multi qubit chip with three qubits and
resonators. Each of the three dips correspond to one of the resonators.

We know from Section 2.2 that for low power, i.e. few photons, the resonance fre-
quency of the resonator will be shifted as described by the dispersive Hamiltonian
in Equation (2.10), and this new frequency we call the dressed resonance frequency.
For high power, i.e. many photons, the approximation for the dispersive Hamilto-
nian is no longer valid and we will then measure the bare resonance frequency, i.e.
the resonance frequency of the resonator as if the qubit were not there.

4A Vector Network Analyser.
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Since we do not know whether the frequency found in the transmission sweep in
Figure 3.5 is the dressed or the bare resonance frequency, we sweep both power
and frequency in a narrow range around the measured resonance frequency, see
Figure 3.6. At some power we see a shift in frequency and then we know that the
resonance frequency at low power is the dressed resonance frequency, i.e. the one
we are looking for.

Transmission | S

] T 0.18
] L 0.16
0,
] L 0.14
=]
%/_107 L 0.12
g ] 0.10
2.
= -20 0.08
8 i
i |
g ] | 0.06
-30 - 0.04
0.02
_40;\\ T La— _!_!_!_'_!_!_l_!_'_!_

— T L — L —
6.304 6.305 6.306 6.307 6.308
Frequency (GHz)

Figure 3.6: Transmission magnitude around the resonator frequency for different resonator
powers. Note the shift of frequency between —30 dBm and —15dBm. Also note that the powers
here are the powers at room temperature, which then are attenuated before they reach the
mixing chamber and the resonator, by approximately 75dB.

3.3.2 Up and down conversion of pulses

In order to control and readout a qubit, we will need to be able to send multiple
pulses at high frequency (GHz) after each other. To create the pulses we need pulse
“up conversion”. To readout the response of these pulses once they have interacted
with the qubit and the resonator we need pulse “down conversion”. The methods to
accomplish this are described below.

3.3.2.1 Frequency mixing

The main principle for up and down conversion is frequency mixing, which is depicted
in Figure 3.7. A typical mixer takes two signals with the frequencies fro and fip
and mix them to a signal with the joint envelope of them both with either, or both,
of the frequencies frr = |fLo £ fir|- This process also works in reverse, where an RF-
frequency pulse after mixing with a local oscillator becomes a pulse with a frequency
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fIF = |fLO _fRF|‘
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Figure 3.7: Schematics of frequency mixing. (a) Two signals enter the RF mixer, a contin-
uous signal with the frequency f1o and a pulse with the frequency fir (here only its envelope
is shown). (b) The pulse envelope of the intermediate frequency signal (IF) and the signal
output with, depending on the mixer, either or both of the frequencies frr = |fLo £ fiF|-

3.3.2.2 Up conversion

Microwave generators that directly outputs pulses at GHz frequencies are expensive.
Instead we use an AWG? which can generate well-defined pulses at MHz frequencies,
combined with mixers and local oscillators that can generate continuous GHz signals.

Schematics for this are depicted in Figure 3.8.

IQ-mixer

LO:
MNWWWWV\®_AN\A_
@ - _ - fr fq
e

I VM
AWG P Combiner [E]Mo To refrigerator

@ «M/wmiwvmw@é ll

IQ-mixer

Figure 3.8: Schematics of generating two pulses of different frequencies after each other.
Two signal generators generate two continuous signals of the frequencies fr,0.+r, fLo,q and send
these signals into one mixer each respectively. An AWG generates two pulses each with an
I and a @) component with the frequencies fawa,r, fawa,q and these pulses also reach each
mixer. After the mixing there are two pulses at the frequencies f; = fLo. - fawag,r and
fq = fro,q — fawa,q exiting the mixers. These two pulses reach some kind of combiner where
they form a pulse train which is what enters the refrigerator. The IQ-mixers are calibrated

such that pulses of other frequencies, such as fr.o,q + fawa,q, are small.

5 Arbitrary Wave Generator.
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3.3.2.3 Down conversion

To convert the output pulse from the refrigerator to a frequency commercial elec-
tronics can keep up with we use so called down conversion. This works in the same
way as the up conversion process but in reverse, see Figure 3.9. The down converted
pulse exits the /@Q-mixer as an in-phase pulse (/) and a § out-of-phase pulse (Q).
These pulses go into a digitizer which takes a number of samples of each. Finally,
through data processing, these samples are turned into two voltages which we can

see as the real and imaginary parts of a complex number.

Data processing

LO,

o Digitizer fr
z=1+iQ * o 4
_['11 I _/\N\/\_ .
= - { From refrigerator

IQ-mixer

Figure 3.9: Schematics of down conversion of a pulse. The pulse at frequency f, enters an
IQ-mixer and is down-converted into two pulses I and (), which go into a digitizer. After
some data processing these samples are turned into two voltages, which we see as the real and
imaginary parts of a complex number.

3.3.3 Calibrating demodulation for optimal readout con-
trast

Until now, only continuous waves have been used for finding the dressed resonance
frequency, and then we do not need to fine-tune the time of sampling the response.
In the next step, however, we will start using the pulse setup shown in Figures 3.8
and 3.9. The data processing in the down conversion requires us to sample at the
right time, otherwise we will only sample noise.

Study Figure 3.10. Here we see the response in time when a pulse at the resonance
frequency is sent. Comparing the two different responses, dependent on the state
of the qubit, we see that there is an optimal time for sampling when the difference
in response between the qubit states is high. We aim hence to adjust our skip time
and sampling time such that the demodulation takes place within the short optimal
integration window. An actual measurement of this is shown in Figure 3.11.
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Figure 3.10: Sketch of the envelope of different responses of a pulse at the resonator fre-
quency, depending on the state of the qubit. If the qubit is in the excited and it has shifted
the resonator frequency more than a line width, the pulse will be unchanged. If the qubit is in
the ground state the pulse will have a dip after a certain time. Note that if we measure what
comes out at the time marked “Low contrast” there is almost no difference between the pulses,
while if we measure at the time marked “High contrast” there will be a big difference. Since
we want as good resolution as possible, we try adjusting the triggers such that we measure at
the “High contrast”-time.
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Figure 3.11: The response after sending a 2 s pulse at the resonance frequency. The period
marked “Integration window” is the time where good resolution between the qubit states will
be achieved.
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3.3.4 Qubit spectroscopy to determine the qubit frequency

Now we know the dressed resonator frequency and we have adjusted the demod-
ulation of the readout pulse to get high resolution between the qubit states. The
next step is to find the qubit frequency f,. We send a pulse at a frequency f and
then send a readout pulse to the resonator. If the state of the qubit is changed, the
readout response of the resonator will be changed as depicted in Figure 3.10. We
sweep f and once f = f, we will see a peak, see Figure 3.12.

Readout probe output voltage (mV)

1.50
= 1.35
&)
g - 1.20
B
g I - 1.05
<
;% il - 0.90
a {1
- 1
3 - 0.75
O:f, milim
Il
0.60
i 0.45

3.50 3.55 3.60 3.65 3.70 3.75
Qubit pulse frequency (GHz)

Figure 3.12: Qubit spectroscopy. A long high-amplitude pulse at a frequency f is sent,
followed by a calibrated readout pulse. The amplitude and the frequency f are both swept.
The frequency of this qubit appears to be around 3.69 GHz. Note that the qubit linewidth
broadens the higher the power is. Also note that this figure does not depict the qubit that we
used for most measurements, since that qubit had fq ~ 3.64 GHz.

Since we do not yet know the time and amplitude of a w-pulse we cannot simply
excite the qubit with a m-pulse. Instead, we send a long pulse with high amplitude,
driving the qubit into a mixed state, and then we take many averages. Thus when
f = f4 the average value will be 50 % excited and we will get a visible peak.
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3.3.5 Rabi oscillations to determine the integral of a pi- and
pi-half-pulse

Now that we know the dressed resonator frequency f, and the qubit frequency f, we
want to find a specific pulse corresponding to a m-pulse as described in Section 2.2.2.
This is done by sending pulses as shown in Figure 3.13 and sweep the pulse length
At. Then we will get so called Rabi oscillations, see Figure 3.14, and we know that
half the period time of these oscillations correspond to a w-pulse at this specific pulse
amplitude. Once it is known we also know that a 7/2-pulse is a pulse of the same
length but half the amplitude, since this will give an integral half as big. A pulse
of half the plateau time instead of half the amplitude will not correspond exactly
to a m/2-pulse since the pulse is not perfectly rectangular, which is seen by noting
that ¢y # t; and ¢, # t3 in Figure 3.13. We do not use rectangular pulses in order to
reduce other frequency components.

Figure 3.13: Pulse schematics to find the m-pulse. First a pulse at the qubit frequency with
some amplitude and a plateau length At is sent, followed by a readout pulse. Note that the
pulses are not perfectly rectangular but have some rising time, ty, to ¢;, and a descending
time, to to t3. By sweeping the plateau length and averaging over many measurements we
will be able to determine the plateau length for a m-pulse.
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Figure 3.14: Rabi oscillations with a readout pulse at the dressed resonance frequency for an
excited qubit, i.e. high voltage corresponds to the ground state and low voltage corresponds
to the excited state. Note that the period time is about 730ns, giving us that the time of a
m-pulse at this amplitude is ¢, ~ 365 ns.

3.3.6 Ramsey fringes to fine-tune the qubit frequency

The qubit frequency determined in the qubit spectroscopy is approximately the
correct one, but may be minimally detuned from the actual qubit frequency. In
order to fine-tune the qubit frequency we measure so called Ramsey fringes, see the
pulse schematics in Figure 3.15.

¢ > Readout
L A
2 | | 2

1 1

Figure 3.15: The pulse schematics to measure Ramsey fringes. A F-pulse is sent, then we

say a time At, and then another Z-pulse is sent, followed by a readout pulse.

We sweep many different frequencies in a small range around the approximate qubit
frequency we determine earlier, and we sweep the pulse separation time At, see
Figure 3.16. From this measurement we can now determine the qubit frequency
very precisely.
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Figure 3.16: Measured Ramsey fringes. From this measurement a very precise qubit fre-
quency can be extracted to be fq = 3.643229 GHz.

One way to determine the qubit frequency is to take a horisontal line cut. We know
from theory that the oscillations will oscillate with the same frequency as we are
detuned from the qubit frequency, hence we add or subtract the oscillation frequency
from the one of the line cut. In theory it is hence enough with one of these line cuts,
but due to noise and non-ideal readout we take many separate line cuts and average
the frequency they point to.

Another way to determine the qubit frequency is to take a vertical line cut at At > 0.
The line cut should then be symmetric around the qubit frequency. Also in this case
one line cut should be enough to accurately determine the qubit frequency, but in
order to average away noise and non-idealities it is good to take multiple and average
the result.

3.3.7 To measure coherence times

A qubit has two characteristic coherence times, the relaxation time 7; and the
decoherence time T,. When characterising a qubit it is good to determine these for
multiple reasons, e.g. to know how long your readout pulse can be before relaxation
has to be considered.

The decoherence time T3 we already have enough data to determine at this point. It
is simply determined by the exponential decay of the envelope of the Ramsey fringes
measurement. It is found by fitting an exponential sinusoidal function to one of the
horisontal line cuts of the Ramsey fringes measurement.
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The relaxation time 7T} is given by exciting the qubit, wait a time At and then
readout the state, see Figure 3.17. We sweep the waiting time and fit an exponential
to the data, see Figure 3.18. The relaxation time is then given by the fitting constant
of the exponent, giving us that 7} = 101.3 ps and with a 95 % confidence bound in
the interval [98.96 ps, 103.6 ps.

Figure 3.17: Schematics for how to measure T;. First the qubit is excited, then we wait for
a time At and then we readout the state of the qubit. The waiting time is swept and then an
exponential is fitted to the results, and T} is found as the constant of the exponential.
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Figure 3.18: Measurement of T; as described in Figure 3.17. An exponential is fit to the
data from which we extract that 77 = 101.3 ps.

3.3.8 To determine measurement result of a single-shot read-
out

In the above measurements we use a lot of averages. A single-shot readout is, on
the other hand, a readout with no averages. To determine the fidelity, i.e. the
probability of a correct single-shot readout, we measure the qubit state ne.s times
without preparing it in any state and n times directly after a m-pulse. The waiting
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time between each measurement is 1ms. Since the qubit naturally relaxes to its
ground state on a time scale around 100 s, we assume the qubit is in its ground
state at the beginning of each measurement.

We plot each measurement in the I(Q)-plane and calculate the average value of the
ground state measurements and the excited state measurements. Assuming that
noise is random, that we do many measurements n,..s > 1 and that thermal exci-
tations are rare, the average values correspond to the states |0) and |1).

The result of a single-shot readout is defined as which state is the closest to the
measured value. The fidelity is determined by counting the number of measurements
ngp that were expected to be in state b but were measured in state a. The fidelity
is hence

Tolp + 1 Ny + N
_ Mo 1\1:1_ o1 1|o‘ (3.1)

2 nmeas 2 nmeas

There are methods for further improving the fidelity calibration, such as heralded
state preparation [34], but we have not done any of those in this thesis.

3.3.9 Calibrating the resonator photon number

To further calibrate our qubit-resonator system, we want to calibrate the number of
photons in the resonator. This is done in a number of steps described below.

3.3.9.1 To determine the coupling strength

First we measure the transmission with a VNA and extract the real and imaginary
parts of the data, see Figure 3.19. Then we use a fitting program, based on the
method described in Reference [35], to find a fit to the data, also shown in Fig-
ure 3.19. From this fit we can extract the resonator frequency wy and its complex
valued quality factor ()., amongst others. From these fitting parameters we extract
the coupling strength as

k= wo|Q.| " ~4.471 MHz = 27 - 712 kHaz. (3.2)
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Figure 3.19: The real and imaginary parts of the transmission around the resonator fre-
quency, together with a fit. The fit is based on the method described in Reference [35].

3.3.9.2 To determine the AC Stark shift and the measurement induced
dephasing

The next step in our calibration is to determine the AC Stark shift and the measure-
ment induced dephasing. This is done by following the pulse schematics shown in
Figure 3.20. In this figure, note that there are two lines with pulses that are sent at
the same time. The pulses on the upper line, marked “Qubit”, have the frequency
f=fq-90f, where ¢ f is some detuning from the qubit frequency. The pulses on the
lower line have the same frequency as the readout frequency, f;.

First a driving pulse to the resonator arrives. After some time, when the resonator
ring-up time has passed and the number of photons in the resonator hence is stable,
a 5-pulse is sent to the qubit. Then we wait some time At. Next another Z-pulse
is sent and finally a readout pulse is sent, and the measured output voltage of the
readout pulse is the measurement result. We sweep this for multiple values of At.
This sequence is then repeated, but with the second qubit pulse replaced with a
—3-pulse, in order to get a reference to suppress low frequency noise. We repeat
both of these sequences 30 times, in order to be able to average away more noise.
Finally we run the whole sequence again, with another value of Ag;ive. This we do

for Agrive € {0,2,4,6,8,10} mV.
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Qubit

Resonator

Figure 3.20: Pulse schematics to determine the measurement induced dephasing. At time
0 a drive signal is turned on with a frequency close to the resonator frequency. Then at time
to a 7/2-pulse at the qubit frequency is sent. At time ¢; the 7/2-pulse is completed. Then at
time to, i.e. after time At, the drive signal is turned off while a 7/2 or a —7/2-pulse is sent.
Finally at time t3, when the second qubit pulse is completed, a measurement pulse is sent
which is completed at time t4.

When this measurement is done we subtract the reference from the results and
take the average from the 30 different measurements for each value of Agive, See
Figure 3.21. Then to each of these curves we fit the amplitude of the readout
output voltage U to the expression

U =Ae T sin(w- At +6), (3.3)

where At is the pulse separation as depicted in Figure 3.20 and {A,',w,d} are the
fitting parameters. The parameter A is the maximum amplitude of the oscillations,
I' the envelope exponential decay constant, w the oscillation angular frequency and
0 a phase shift. The fits are presented in Figure 3.21. From these fits we can then
extract the AC Stark shift w,. and the measurement induced dephasing I',,.

The AC Stark shift is found by the fact that w,. = 270 f —w, where df = 529 kHz is
the detuning of the qubit pulses from the qubit frequency.

The measurement induced dephasing is found by the fact that I', ,,, =I' - I';, where
Iy = Ty is the decoherence rate we find for Agive = 0mV.

By putting these results together, we can plot the AC Stark shift w,. and the mea-

surement induced dephasing rate I'y, ,, as functions of A% . see Figure 3.22.
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Figure 3.21: Ramsey oscillations using a —Z-pulse to create a reference, for different ampli-
tudes of Agyive, together with a fit of the kind shown in Equation (3.3).
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Figure 3.22: The AC Stark shift w,. and the measurement induced dephasing I, as functions
of A% . with 95% confidence bounds, determined from the fitting of the Ramsey oscillations

drive
presented in Figure 3.21, together with linear fits. Both are expressed in angular frequency.

3.3.9.3 To determine the dispersive shift and the photon number

We know from theory [12] that A2, o P oc i, where 7 is the average number of
photons in the resonator, for both the AC Stark shift and the measurement induced

dephasing. We also know that

Wac = 2Xﬁ, (34&)
[, =8x*nk . (3.4Db)

Hence by taking the ratio of the slopes of the linear fits we get

8x2k 1 4
Mo _OXTR - 2X 0 1.0246, (3.5)
Mac 2x K
where the m; are slopes of the fits. This value is with a 95% confidence bound in
the interval [0.965,1.086]. By using this value together with the x determined in

Equation (3.2), we get the dispersive shift

X ~ 1.0246 - Z = 1.197 MHz. (3.6)

Now we can solve Equation (3.4a) for n to get the average photon number in the
resonator as a function of the AC Stark shift, which is given by the linear fit in
Figure 3.22a, see Table 3.1 below.

Table 3.1: Number of photons 7 in the resonator, given the amplitude Agyive in mV of the
resonator pulse.

Agwe V) [O] 2 | 4 | 6 | 8 | 10 | 100
7 0[0.01]0.03]0.06]| 011|017 | 17.27
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3.4 Characterisation of the JTWPA

In this section the methods used for characterising the JTWPA are described. In
Figure 3.23 we see the circuit schematics of the JTWPA module, which was used
throughout all experiments. Almost all focus has been put on studying the effects of
the JTWPA module on the interval 4-8 GHz because most of the HEMT amplifiers
and the isolators only work well in this band.

Directional

1 1

1

: Double isolator coupler JTWPA  Double isolator :
1

INt—] — [ — ] A—> OuT

: 1
1

1 1

| 50 Q % |

: :

I =

' JTWPA module 1

Figure 3.23: Design of the JTWPA module. The signal to amplify enters at the IN-port,
goes through a double isolator, couples with the pump when going through the directional
coupler, enters the JTWPA and is amplified and finally goes through another double isola-
tor to the OUT-port. The first double isolator prevents reflections at the JTWPA and the
backwards-travelling pump signal (due to finite directivity in the directional coupler) to enter
the sample. The last double isolator mainly blocks heat radiation from higher stages entering
the JTWPA module.

3.4.1 Characterisation of the JTWPA module components

In order to better understand how the JTWPA module circuit works it would help
to characterise each component and each cable, measure the reflection, insertion
loss and other properties. But since the properties of materials are not the same
at room temperature as at cryogenic temperatures, these characterisation measure-
ments would need to be performed in the cryostat when it is cold. This was not
done however, since it then would require a separate cool down which would take a
lot of both space in the cryostat, preventing others from doing other experiments,
and also time from other measurements. Instead focus was put on characterising
the JTWPA module as a whole and see how it works as an amplifier circuit.

3.4.2 Basic determination of the pump region

The first step of characterising the JTWPA is to identify in what region the param-
eters of the pump, the pump frequency and the pump power, should be in order for
the JTWPA to be able to amplify. The steps of doing this are described below.
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3.4.2.1 Use of cable through for background correction

The JTWPA is connected into a circuit, the “JTWPA module”, as depicted in Fig-
ure 3.23. Then the JTWPA module is connected in parallel with a through line as
depicted in Figure 3.24. A signal generator is connected to the PUMP-port and a
VNA is connected to the IN- and OUT-ports in order to measure the Sy;-parameter.
From the VNA and the signal generator down to the JTWPA module, there multi-
ple attenuators as depicted in Figure 3.1. For a full overview of the complete setup,
see Figure A.2 on page A-2.

———————————————————————— .
: Cryogenic Mixing chamber
\ switch

1 — Through — E
IN v—;—E JTWPA module E—l—l—q ouT

Figure 3.24: The experimental setup in the dilution refrigerator for characterisation of the
JTWPA module gain. The JTWPA module, depicted in Figure 3.23, is put in parallel with
a line through, in order to measure gain over the JTWPA module compared with not having
it there at all.

In the whole setup there are multiple components. There are components at room
temperature, at the different stages in the cryostat, etc, and every part has its
own noise temperature and insertion loss. The whole setup except for the actual
experimental setup is referred to as the background. If the gain was calculated by
comparing what signal we send down to the JTWPA module with what comes out of
the cryostat, the result would be very misleading since the background attenuation,
the amplification and noise would then be included in the results.

To correct for the background we use a cable through, as depicted in Figure 3.24, in
parallel with the JTWPA module. In this way we can get a reference measurement
which we can put as zero gain. Then we can see if and how much the JTWPA module
actually amplifies, the “effective gain”, by taking the subtraction

Geff — S;’lump on SQTlhrough7 (dB) (37)

where S5 °" is the transmission through the JTWPA module in dB with the
pump on and S),"°"#" is the transmission through the cable through in dB, not to
be confused with the parametric gain, which is given by

Gpar _ Sglump on S;ump off’ (dB) (38)

where S5 °T is the transmission through the JTWPA module in dB without using

a pump. The difference between effective and parametric gain is hence that effective
gain is the gain compared with not using the amplifier at all, while parametric gain is
the gain the amplifier circuit, the JTWPA module, gives relative to its own insertion
loss.
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3.4.2.2 Determination of the insertion loss and pump frequency region

In order to get a reference to the background for all measurements, the transmis-
sion through the cable through was compared with the transmission through the
JTWPA module when there was no pump signal, see Figure 3.25.

_30 T T T I

= Cable through

) JTWPA module
Z 40! |
A m
g -50f !
E
£ G0 |
=
_70 | | | | |
3 4 5 6 7 8 9 10

Frequency (GHz)

Figure 3.25: Measurement of the transmission, Ss1, through the JTWPA module compared
with the transmission through the cable through. Note the reduced transmission at the
dispersive regime, just above 6 GHz. Note also the other transmission reduction at 9 GHz, for
which the explanation remains unknown.

By subtracting the transmission through the cable through from the JTWPA module
transmission we then find the insertion loss of the JTWPA module, see Figure 3.26.
By studying the insertion loss we find that the dispersive feature is around 6.1 GHz
and thereby that the pump frequency should be set to around 6.05 GHz. Disregard-
ing the dispersive feature, the JTWPA module insertion loss in dB is approximately
linear with respect to frequency. A linear fit gives us that the insertion loss L in dB
at frequency f in GHz is well approximated by

L=091f+0.4=0.25. (3.9)
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Figure 3.26: The insertion loss of the JTWPA, calculated as the transmission through the
JTWPA without a pump minus the transmission through the cable through. The dispersive
feature is identified by heavy losses, since the resonators of the JTWPA work as a band-stop
filter there, and the region for where the optimal pump frequency is expected to be slightly
below that.

3.4.2.3 Determination of pump power interval

While fixing the pump frequency to 6.05 GHz, we increase the pump power from
low powers of —70dBm at the JTWPA module PUMP-port, which corresponds to
approximately —83dBm at the chip®, and increase the power until we get gain. At
approximately P, = -55dBm we start seeing gain. At —52dBm we have reached a
pretty stable gain profile with a wide band with > 10dB gain, and at approximately
-48dBm we no longer have any gain, see Figure 3.27.

By calculating the average gain in dB, given by

Glavg(interval) = (Geg(interval)[in dB]), (3.10)

where the interval may be the whole frequency interval 4-8 GHz or a smaller interval,
we get a clear figure showing what the pump power should be, see Figure 3.28.
Therefore we conclude that we the optimal pump power roughly should be in the
interval —55dBm to —48dBm at the JTWPA module pump input port.

6We get 13dB attenuation from the directional coupler.
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Figure 3.27: Gain profiles for a fixed pump frequency f, = 6.05 GHz and different pump
powers. Note that for high powers, noticeable in this figure from —49.6 dBm, the gain quickly
drops for signal frequencies above the stopband. Meanwhile higher powers, like —48.4 dBm,
are required for the gain for frequencies below the stopband to drop heavily.

( SngWPA module _ S;flhrOUgh> ( dB)

aimp— Glavg (all except stopband) »“‘
101 Glavg (below stopband) |
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—].5 ‘ ‘ I | | |
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Pump power P, (dBm)

Figure 3.28: The average effective gain in dB, defined as the average difference
SyTWPA module _ ghrough 4, 4B on a given interval, for a pump of frequency 6.05 GHz at
different pump powers. The intervals studied are the whole interval 4-8 GHz (ignoring the
stopband), the region below the stopband, and the region above the stopband. We can see
that at P, = -55dBm we start getting gain but at P, = -48dBm we have lost almost all
gain even for the frequency interval below the stopband, which tends to be higher than the

frequencies above the stopband.
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3.4.3 Characterisation of the gain profiles and determina-
tion of the optimal pump parameters

To characterise different gain profiles the same setup as above was used. Now we
know that the optimal pump frequency is around 6.05 GHz and that the optimal
pump power is in the interval —55 to —48dBm, but since we do not know the exact
parameter values of the JTWPA” what pump powers and pump frequencies are
expected to be the optimal ones. Therefore we sweep both pump power and pump
frequency in their relevant intervals respectively and measure the gain profile. After
a few simple tests, in order to not sweep unnecessary frequencies, the pump frequency
was chosen to be swept in the interval 5.95 GHz to 6.1 GHz. Using frequency steps
of 1 MHz and power steps of 0.2dB, this results in 151 x 36 = 5436 different gain
profiles.
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Figure 3.29: Gain profile with mathematical fit. The data is the Ss;-values of the
JTWPA module minus the Ss;-values of the cable through, i.e. the effective gain, for a pump
of frequency f, = 6.009 GHz and power P, = -50.2dBm. To each side of the stopband a 4th
degree polynomial was fitted in order to determine gain bandwidths and the ripple level. Note
that the stopband simply is ignored when fitting the curves.

To evaluate all the measured gain profiles in a systematic way a characterisation
protocol is followed for each gain profile in the following manner: First the stopband
is identified® and ignored since the amplifier does not work in that region. Then
to each side of it a 4th degree polynomial is fitted?. Next these two polynomials
are put together as one function and we define the bandwidth BW, for xdB gain

"The characteristic values Cy,Cc,Cy, Ly, I as depicted in Figure 2.13.

8The stopband is identified based on the theory described in Section 2.4.2.

9Note that there is nothing physical about 4th degree polynomials. These fits were only done
in order to determine the ripple level and bandwidth of the gain profiles.

3-25



3. Methods

to be the width of the interval when this function is above x dB'°. We define the
ripple value to be the square root of the sum of all quadratic distances from the
fitted curve, i.e. a value similar to the variance, which then gives us a number on
the smoothness of a curve. Finally, since this definition of the bandwidth includes
the stopband but the size of the stopband is different for different pump frequencies,
we define the effective bandwidth BW, .¢ for x dB gain to be the bandwidth minus
the width of the stopband.

An example of this can be seen in Figure 3.29. In this figure we see that we have a
gain larger than 15dB from approximately 4.5 GHz all the way to 6.75 GHz, giving
us a bandwidth for 15dB gain BW;5 = 6.75 GHz-4.5 GHz = 2.7 GHz. The stopband
for this profile reaches from 5.87 GHz to 6.16 GHz, giving us a stop-bandwidth of
0.29 GHz resulting in an effective bandwidth for 15dB gain of BWj5 e = 2.7 GHz -
0.29 GHz = 2.41 GHz.

The results of the gain profile analysis are presented in Section 4.1 on page 4-1.

3.4.4 To determine the saturation power

The saturation power, also known as the 1dB compression point, is defined as the
signal power where the gain is decreased by 1dB. It is measured by fixing the pump
frequency and pump power and then measure the gain profile for different signal
powers Py over the whole JTWPA module interval. Then the saturation power, at
a specific signal frequency f;, on the whole JTWPA module interval 4-8 GHz or on
a smaller interval, e.g. 4-5 GHz, is extracted by simply identifying the signal power
P, for which the gain is 1dB below the maximum gain.

3.4.5 Measurement of Signal-to-Noise Ratio improvement

Once the gain profiles are measured the next step is to measure the Signal-to-
Noise Ratio improvement (ASNR), i.e. to determine how much better the Signal-
to-Noise Ratio (SNR) becomes when using the JTWPA, or in other words, how
much more the JTWPA module can amplify the signal compared with how much
it amplifies the noise. The ASNR most certainly differs at different frequencies,
since the JTWPA module amplifies differently at different frequencies, therefore we
measure the ASNR at 36 different frequencies spread on the whole band 4 to 8 GHz,
namely the frequencies 4 - 5.7 GHz and 6.3 - 8 GHz with steps of 100 MHz.

For the ASNR characterisation the same setup as above is used, except that an RF-
source is connected to the IN-port and a spectrum analyser to the OUT-port. Using
this setup we can measure the ASNR of the JTWPA module at a given frequency,
using the method described below.

10T his definition of bandwidth and the reason for using it will be explained in Chapter 5.
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3.4.5.1 To determine Signal-to-Noise Ratio

The SNR is determined by first sending a signal at a frequency f; and sweep the
spectrum with the spectrum analyser in a narrow range of 500kHz around this
frequency, i.e. f €[ fs —250kHz, fi + 250kHz]. Then the signal strength is defined as
the value in the middle of this interval and the noise floor is defined as the average
value of the rest of the data points, i.e. the average excluding the signal. Finally the
SNR, in dB, is defined as the signal strength minus the noise floor, see Figure 3.30.

3.4.5.2 To determine a reference

Just as when determining the effective gain, we need to measure the SNR using
a through line in order to get a reference for when using the JTWPA. Since the
SNR may vary with frequency, we measure the SNR with the through at all the 36
frequencies. We also measure this with the JTWPA module switched in but with
pump off, so that we can compare the parametric ASNR with the effective ASNR.

3.4.5.3 To determine ASNR for a specific pump

To determine the ASNR for a specific JTWPA pump, we measure the SNR using
the JTWPA with this pump, and then we subtract the SNR of the through at
the same frequency. For example in Figure 3.31 a pump with f, = 6.058 GHz and
P, = -52.6dBm is used and the SNR is 54dB. Using the through, the SNR is
45dB, recall Figure 3.30. The ASNR for this pump at this frequency is hence
54dB -45dB = 9dB.

3.4.5.4 To determine ASNR over the whole band

Finally we want to measure the ASNR over the whole band 4 - 8 GHz, at many
different frequencies and for many different pumps to see if we can find a pump that
gives high ASNR at all frequencies.

Given the results from the gain characterisation we know that gain drops quickly for
pump frequencies above 6.08 GHz, hence we limit ourselves to the pump frequencies
5.95 GHz to 6.08 GHz. We begin with a small range of pump powers around the
pump region of maximum gain, but realise soon that a bigger interval is needed
because the ASNR tends to be higher for pump powers lower than the ones for
maximal gain'!,

In the end we sweep the pump power interval —53.5dBm to —49.5dBm with 0.1 dB
steps, pump frequencies 5.95 GHz to 6.08 GHz with steps of 1 MHz and signal fre-

HPossibly because at high pump powers some junctions turn normal and add extra noise photons.
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quencies 4 GHz - 5.7 GHz and 6.3 GHz - 8 GHz. We skip measuring the ASNR in
the interval 5.8 GHz to 6.2 GHz since the stopband is approximately in this region.

The most significant ASNR results are presented Section 4.2 on page 4-5, while all
the ASNR data is presented in Appendix B.
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Figure 3.30: The transmission in a 500 kHz range around the signal frequency 4 GHz using
the through line and 14 averages. The amplified signal is at —43dB and the amplified noise
floor approximately at —88dB. The SNR is hence 45 dB.
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Figure 3.31: The transmission in a 500 kHz range around the signal frequency 4 GHz using
the JTWPA with f, = 6.058 GHz and P, = -52.6dBm and no averages. The amplified signal
is at —30dBm and the amplified noise floor approximately at -84 dBm. The SNR is hence
54dB. Note that the noise floor looks very noisy since no averages have been used.

3.4.6 Measurement of quantum efficiency

In order to measure the quantum efficiency we use a well characterised qubit in the
setup depicted in Figure 3.32. The qubit is characterised as described in Section 3.3.
We use this qubit to calibrate the number of photons at the qubit chip, which com-
bined with a spectrum measurement lets us determine the system noise temperature
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which finally lets us determine the quantum efficiency.

Cryogenic .
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Figure 3.32: The second experimental setup in the mixing chamber to measure the quantum
efficiency of the JTWPA module. The qubit is of the Xmon design here. The JTWPA module
is put in parallel with a double isolator in order to compare results with the regular readout
setup.

3.4.6.1 To measure cavity-referred power

In order to measure the system noise temperature we need to determine the number
of photons at the JTWPA IN-port. Assuming low losses between the qubit chip
and the JTWPA module, the number of photons is closely related to the cavity-
referred power. To measure the cavity-referred power, we send a continuous signal of
amplitude 100 mV at a frequency slightly detuned from the qubit resonator frequency
and measure the output with a digitizer.

From the qubit calibration, see Section 3.3, we know the number of photons in the
resonator at a given readout amplitude. For Agye = 100mV we get

Wae # 41.3 MHz (3.11)
which, recall Equation (3.4a) on page 3-19, gives us that

~ 17.27 photons. (3.12)

n=

Using the measured coupling strength and the assumption that we have no internal
losses in the resonator, the cavity-referred power is given [36] by

-1
P= Ehwrmﬁ ~—-127.7dBm (w, = 6.305GHz) (3.13)
which we then set as the maximum value of the transmission measurement.

3.4.6.2 The standard quantum limit

The standard quantum limit (S.Q.L.) noise power is given by

1
PS.Q.L. =2 éhwrS (314)
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where S is the measurement resolution bandwidth. The factor 2 comes from the
fact that we do non-degenerate amplification. In our setup we sampled 400 data
points over 1 MHz in both quadratures, implying that

1 MHz
400

S=2 = 5kHz (3.15)

giving us that the noise power S.Q.L.'2 is —166.8dBm. The factor 2 here comes
from the fact that we sample data points in both quadratures, effectively giving us
twice the sampling speed. The corresponding S.Q.L. noise temperature is given by

1 hw
T =2.- =
S.Q.L. 5 T

~ 303 mK. (3.16)

The factor 2 here also comes from the fact that we do non-degenerate amplification.

3.4.6.3 Noise temperature calculation

We set the power of the S.Q.L. noise floor in Figure 3.33 equal to the vacuum noise
temperature in Equation (3.16). Then we use the difference between the measured
and calibrated values of the noise floor for pump on and pump off and the vacuum
noise floor in order to find the equivalent noise floor temperatures. That is, if

A;=P, - Psor (in dB) (3.17)

for i € {pump off, pump on, through} then

T, =Tyqu - 10T, (3.18)

The noise floor of the through was not measured, but estimated by using the dif-
ference between previous measurements of the through and pump off transmissions.
The through line includes two switches and a double isolator, which will add loss and
effectively increase the noise floor. Find the specific values from the measurement
and the estimation in Table 3.2.

12Recall S.Q.L. from Section 2.3.3.
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Figure 3.33: Measurement of noise floor for JTWPA pump on and pump off, using the
calibrated value of n = 17.27 at readout frequency f; » 6.306 GHz. The noise floor with the
through is only an estimation. The pump has f;, = 6.0123 GHz and P, = -52.41.

Table 3.2: The noise floor in dBm and its equivalent temperature for the measure-
ment. The noise floor with the through is only an estimation.

Noise floor | Px_fieor (dBm) | Ty (mK)

S.Q.L. -166.8 303
Pump On -164.0 570
Pump Off -146.6 31,874

Through ~149.0 18,194
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Results

4.1 Gain characteristics

Below the results from the gain characterisation of the JTWPA module are pre-
sented.

4.1.1 Gain profiles

In Figure 4.1 three gain profiles are presented that are the “best” gain profiles in
different aspects. The first two use a pump with B, = -50.2dBm while the third
uses P, = -52dBm.

I I I I I I I
— f» =6.03GHz, P, =-50.2dBm, greatest BWy) ot
401 | — f, = 6.065 GHz, P, =-50.2dBm, great BWis ¢ }
fp =6.047GHz, P, =-52dBm, lowest ripple value*

4 4.5 ) 2.5 6 6.5 7 7.5 8
Frequency (GHz)

Figure 4.1: Gain profiles for three different pump parameters . The first one has the
greatest BWog e := BWags20 — BWstopband- The second one has the greatest BWis cq :=
BWgs15 — BWstopband and also a very low ripple value. The third one has the lowest ripple
value of all gain profiles that reach 15dB gain at any point.
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4. Results

The one with f,, = 6.03 GHz has the greatest By o¢'. The one with f, = 6.065 GHz
has the greatest BWs5 .¢. The latter also has a relatively low ripple level. The third
use a pump with f, = 6.047GHz and P, = -52dBm and has the lowest ripple value
of all the gain profiles with any gain above 15dB, i.e. BWj5 # 0.

4.1.2 Average gain

In Figure 4.2 the average gain in dB on the whole interval, excluding the stopband,
is presented. A high average gain does not imply high gain at every frequency
within the JTWPA module bandwidth? but gives a rough estimate on what pump
frequencies and pump powers that work for the JTWPA.

Note that there is no data in the region f, € [6.051,6.1] GHz, B, € [-55,-52.4] dBm.
This is only because we ran out of measurement time and that region seemed less
interesting due to its low average gain.

(Sé]'lI‘WPA module _ SZTlhmugh> (dB)
-55

No data in

|
ot
B~

this region.

|
ot
w

Pump power (dBm)
&
s )

|
(@)
(@]

|
W
Ne)

|
W
oo

5.95 6 6.05

Pump frequency (GHz)

Figure 4.2: The average effective gain (dB) on the interval 4 to 8 GHz, exluding the stopband,
for the different measured pumps. All values below 0 have been given the same colour in order
to optimise contrast for values above 0. Note the sharp line at pump power equal to —51.2dBm;
the data above and below this line was measured at different times.

1Recall, effective bandwidth BW, o is defined as the width of the polynomial fit to the curve
above x dB gain minus the width of its stopband.
2The JTWPA module bandwidth is 4 - 8 GHz.
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4.1.3 Bandwidths

In Figure 4.3 the effective bandwidth of 20 dB gain is presented and in Figure 4.4 the
effective bandwidth of 15dB gain is presented. Note that the former has its highest
values in the range P, € [-51,-50]dBm, f, € [6.01,6.03] GHz, while the latter has
its highest values in the range P, € [-51,-50]dBm, f, € [6.05,6.07] GHz.

BWeso0das = BWstopband (GHz)

Pump power (dBm)

5.95 6 6.05 6.1
Pump frequency (GHz)

Figure 4.3: The bandwidth (in GHz) for gain above 20dB minus the bandwidth of the
stopband, i.e. the effective 20 dB-bandwidth.
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Figure 4.4: The bandwidth (in GHz) for gain above 15dB minus the bandwidth of the
stopband, i.e. the effective 15 dB-bandwidth.
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4.1.4 Saturation power

Gain as a function of signal power is presented in Figure 4.5 at 4 different frequencies.
In Figure 4.6 the average gain at three different intervals is presented. The saturation
power? varies when studying gain at a single frequency, but converges to P, =
-94dBm when studying the average gain on intervals, both below the stopband,
above the stopband and the whole interval except for the stopband.

e —
20 :
g 10 -
= 0+
ch — (G at 4 GHz
— (7 at 5 GHz
—10 G at 7GHz .
— (7 at 8 GHz
-20

| I I | | | | | |
-110  -105  -100  -95 -90 -85 -80 -75 -70
Signal power P at JTWPA module IN-port (dBm)
Figure 4.5: Gain at different frequencies for different signal powers using a pump with

fp =6.066 GHz and P, = -50.2dBm. At 4 GHz, Py = -90dBm. At 5 GHz, Py = -93dBm.
At 7GHz, Ps,t = -90dBm. At 8 GHz, P, = —-87dBm.

25 T I T T T T T T ]
20 - :
2 15) .
i=
UL |
= Glavg 00 4 - 5.5 GHz
5| | Gy 4 - 8GHz .
Gavg 01 6.25 - 8 GHz
I I I

O-110 -105  -100  -95 -90 -85 -80 =75 -70

Signal power P; at JTWPA module IN-port (dBm)
Figure 4.6: Average gain on different intervals for different signal powers using a pump

with f, = 6.065GHz and P, = -50.2dBm. All of the these gains have a saturation power
Pyap = —94dBm.

3Also known as the 1-dB compression point, i.e. the signal power when the gain is 1dB less
than maximum gain.
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4.2 Signal-to-Noise Ratio improvement

The SNR was measured at 36 different frequencies, 4.0-5.7 GHz and 6.3-8.0 GHz
with 100 MHz steps, for 5371 different combinations of pump frequencies and pump
powers. In Figure 4.7 the average ASNR over all 36 the different signal frequencies
as a function of all the different pumps is presented.

Average ASNR
‘TNl W 00T

46

Pump power (dBm)

5.96 5.98 6 6.02 6.04 6.06 6.08
Pump frequency (GHz)

Figure 4.7: The ASNR averaged over the signal frequencies, as a function of pump frequency
and pump power.

In Figure 4.8 we see the standard deviation of the ASNR for each combination of
pump frequency and pump power. Finally in Figures 4.9 and 4.10 we see the maxima
and minima ASNR:s at each combination of pump frequency and pump power. For
the interested reader, all ASNR data is presented in Appendix B.
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Standard deviation ASNR
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-52.5
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ot
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Pump power (dBm)
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-50.5

-50

-49.5

5.96 5.98 6 6.02 6.04 6.06 6.08
Pump frequency (GHz)

Figure 4.8: The standard deviation of the ASNR between the signal frequencies, as a
function of pump frequency and pump power.
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-50.5

-50

-49.5
5.96 5.98 6 6.02 6.04 6.06 6.08
Pump frequency (GHz)

Figure 4.9: The maximum ASNR of any of the signal frequencies, as a function of pump
frequency and pump power.
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Minimum ASNR

Pump power (dBm)
(S

5.96 5.98 6 6.02 6.04 6.06 6.08
Pump frequency (GHz)

Figure 4.10: The minimum ASNR of any of the signal frequencies, as a function of pump
frequency and pump power.

4.3 Results from qubit measurements

4.3.1 Quantum efficiency

Using the measured value of the system noise temperature Ty, recall Table 3.2 on
page 3-31, we calculate the quantum efficiency to be

53.1% for Tyx=570mK (pump on)
=40.95% for Ty =31.8K (pump off) (4.1)
1.66% for Tn=18.2K (through)

how,

" kT

Ui

4.3.2 Single-shot readout

Single-shot readout without the JTWPA is presented in Figure 4.11 and single-shot
readout with the JTWPA is presented in Figures 4.12 and 4.13. In these figures
the fidelities and the normalised state separation AV /o are presented, where AV
is the length difference between the average values (given by the crosses) and o is
one standard deviation of the ground state. Discussion about the measurements is
presented in Chapter 5.
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1 -
oReadout after no pulse
>
+ Readout after m-pulse E 05
S °
x Average values 5
o
- &
1) Multiples of standard | & O
deviations g
<
I State separation line E
-0.5F

-2 -1.5 -1 -0.5 0 0.5
Real part I (mV)

Figure 4.11: A single shot measurement of an Xmon qubit connected to the through, with
a total of 2000 points. The fidelity is F = 86.4% and the normalised state separation is
AV /o =3.4294.

Fidelity = 95.42%, AV/o = 4.3429

30

oReadout after no pulse
+Readout after m-pulse
x Average values

17 Multiples of standard

Imaginary part @ (mV)
>

deviations ST i
I State separation line ok ]
_5 I~ b
-10 T
-40 -30 -20 -10 0 10

Real part I (mV)
Figure 4.12: A single shot measurement of an Xmon qubit connected to the JTWPA with

fp =6.064 GHz, P, = -51.2dBm, with a total of 60.000 points. The fidelity is F = 95.42% and
the normalised state separation is AV /o = 4.3420.
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Fidelity = 99.54%, AV/o = 4.9558

At XK
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oReadout after no pulse 5
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Figure 4.13: A single shot measurement of an Xmon qubit connected to the JTWPA with
fp = 6.0635 GHz, P, = -51.3dBm, with a total of 20.000 points. The fidelity is F' = 99.54 %
and the normalised state separation is AV /o = 4.9558. Note that the state separation line
now is in the middle between the states but that moving it closer to the excited state should
improve the fidelity.

Fidelity = 99.9%, AV/o = 5.7621

35

oReadout after no pulse 25
+Readout after m-pulse 20t

x Average values
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Figure 4.14: A single shot measurement of an Xmon qubit connected to the JTWPA with
fp = 6.064 GHz, P, = -51.2dBm, with a total of 2.000 points. The fidelity is F' = 99.9% and
the normalised state separation is AV /o = 5.7621.
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Discussion and Conclusions

Below the results are discussed and the conclusions drawn are presented.

5.1 Gain discussion

As mentioned earlier, it is not easy to define what a good gain profile is. A “good”
gain profile will differ depending on what the user needs. However, characteristics
that usually are positive are high gain, low gain ripple and a large bandwidth.

5.1.1 Gain ripples

For some combinations of pump power and pump frequency the gain ripples were,
without exaggeration, very large. Study Figure 5.1 and note that for P, = -50.8dBm
and fs ~ 6.45 GHz we can find a gain difference within a range of 21 MHz as big as
24 dB*.

A hypothesis for the reason of this was that some of the junctions had turned
resistive, and hence created resonances within the JTWPA which may interfere con-
structively for some frequencies and destructively for others. An argument against
this hypothesis is that if some junctions have become resistive for one set of pump
parameters, more should become resistive if the pump power is increased. This was
however not the case, but rather the opposite. When a gain profile showed this
gain ripple behavior, the oscillations in many cases disappeared if the pump power
is increased. An example of this is also shown in Figure 5.1.

In the end this was not explored completely. The gain oscillation behaviour only
occurred at relatively high pump powers, i.e. pump powers giving high gain but low
ASNR. Since what we really wanted to optimise was the ASNR, we decided to not
spend too much time investigating the properties of the JTWPA for a pump we will
not use in the end anyway.

"More specifically, at f; = 6.444 GHz the gain is 33.04dB, while at f, = 6.465GHz it is only
8.59dB.
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Figure 5.1: Two gain profiles at the same pump frequency f, = 6.062 GHz but at different
pump powers. Note the gain oscillations close to the stopband for the gain profile with the
lower pump power.

5.1.2 Stopband

According to the theory in Section 2.4.2, the stopband should reach from 2 f, - fupper
to fupper; Where f, is the pump frequency and fipper = Séspir. In other words, the up-
per bound of the stopband should be fix at the same value as the dispersive feature’s
upper bound while the lower limit should be dependent on the pump frequency and

the upper limit.

This was measured and verified to almost be the case, see Figure 5.2. The theoretical
prediction was right about the upper limit being fixed, and it almost is. But it is
not exactly at the same frequency as the upper bound of the dispersive feature,

dsp = 6.2GHz, but slightly lower, fiwbb*? » 6,18 GHz. This upper limit also got
smaller in regions of high gain. If fyppe is redefined to be this slightly lower upper
limit, the lower limit is still given by the same equation.

5.1.3 Comparison of parametric and effective gain

Recall the difference between effective gain (Equation (3.7) on page 3-21) and para-
metric gain (Equation (3.8) on page 3-21). The effective gain is the actual gain of the
JTWPA module, while the parametric gain is the difference between the amplified
signal and the attenuated signal due to the insertion loss of the JTWPA module.
These gains are hence related to each other as

Geff = Gpar - LJTWPA module (51)
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if they are expressed in dB. Obviously the effective gain is the gain of interest, which
usually can be estimated from the parametric gain by subtracting the losses accord-
ing to the previously determined loss equation (recall Equation (3.9) on page 3-22).

S2Plump on ;I’lhrough (dB) for Pp — _50.6dBm

25

5.96 \ I L | “ ‘
' \” l

5.98

Bl |
|“

Pump frequency (GHz)

6.06
il
08 &

6.

4 4.5 5 5.5 6 6.5 7 7.5 8
Signal frequency (GHz)

Figure 5.2: The effective gain for P, = -50.6dBm as a function of pump frequency f, and
signal frequency fs. It is clear that the stopband upper limit fipper is fix while its lower limit
fiower is linearly dependent on the pump frequency f,. Note that all values below zero dB,
i.e. the regions where the JTWPA module attenuates instead of amplifying, have been put to
zero in order to increase the gain contrast.

However, as discussed above in Section 5.1.2, the upper bound of the dispersive
feature is slightly higher than the upper bound of the stopband. This will result in
a seemingly very large gain around the upper bound of the stopband when measuring
the parametric gain (an example of this is shown further down, in Figure 5.5). This
very large gain is only visible when studying the parametric gain since it is not
actual strong signal gain but rather a strong compensation of the JTWPA module
losses in this region.
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5.1.4 Definition of bandwidth

There are multiple definitions of a bandwidth, while the most common is when the
gain profile is 3dB below maximum gain, while in this thesis the definition used is
the one described previously, i.e. BW,, is the width of the mathematical fit for gain
above xdB. The reasons for this choice are discussed below.

The mathematical fit is considered when determining bandwidth, instead of the
actual measured gain profile data, because many of the gain profiles have big gain
ripples. If the actual data was considered instead, the maximum gain would be at
the top of one of these ripples, and the bandwidth would hence only be the width
of the ripple.

The above-z dB bandwidth is considered instead of 3dB below maximum gain be-
cause some of the gain profiles, e.g. the one depicted in Figure 3.29 on page 3-25,
have a knob-like feature, giving them high gain in a narrow range, while others do
not have this feature. Using the 3dB below maximum gain definition would hence
tell us that some gain profiles have a very narrow bandwidth and others a very wide
bandwidth, while the ones with the narrow bandwidth still might have the overall
highest gain. It would hence be misleading.

5.2 SNR discussion

Recall Figure 4.7 on page 4-5. Note that the ASNR is the highest around P, ~
—-52dBm, even though we know from the gain results that the highest gain is reached
at P, ~ -50dBm (recall Figure 4.2 on page 4-2). This implies that the highest gain
does not necessarily mean that the ASNR is the highest.

Let us study the amplification of the signal, see Figure 5.3, and we see that the
signal is amplified both for the low pump powers (P, » —52dBm) and for high
pump powers (P, » =50dBm). Now let us compare it with the amplification of
the noise floor, see Figure 5.4. We see that for high pump powers, the noise floor
is more or less equally amplified, implying that the ASNR is approximately zero.
Meanwhile, for low pump powers, the noise floor is only slightly amplified, giving
us high ASNR. We can hence draw the conclusion that at high pump powers the
ASNR is low because the amplifier adds about the same amount of noise photons
as it adds signal photons.

There is a strange feature with the ASNR-measurements worth to mention. In the
region with high ASNR, i.e. for f, € [6.03,6.06] GHz and P, € [-53,-51] dBm, there
are two smaller regions where the ASNR drops significantly (recall Figure 4.7 on
page 4-5). The reason for this is yet to be understood and it should be investigated
further, but for now we can draw the conclusion that these regions should be avoided.
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Figure 5.3: The average signal amplification as a function of pump frequency and pump
power.
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Figure 5.4: The average noise floor amplification as a function of pump frequency and pump
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5.3 Single-shot readout and quantum efficiency

It is clear from the single-shot readout measurements that the JTWPA enhances
the readout fidelity, but it is hard to say exactly how much it enhances the readout.
The main reason for this is because the qubit used had to be recalibrated after
the JTWPA was switched in and therefore the measurements cannot be directly
compared.

There is also a strange feature in some of the JTWPA amplified single-shot readout
measurements, recall Figure 4.13 on page 4-9. In theory the JTWPA should, since
we use non-degenerate 4-wave mixing (recall Table 1.1 on page 1-8) amplify the
two quadratures of the qubit equally, and also keep them symmetrically Gaussian
distributed. This we see in Figure 4.12. But, in Figures 4.13 and 4.14 it is clear that
the ground state is amplified more and also that its shape is changed. The reason for
this is not understood. Even more strange is that the pump parameters are almost
identical for these three measurements. However, these results were acquired during
a time when we experienced gain instabilities, which we think were caused by an
unstable pump source. It is hence possible that the pump parameters in reality were
more different than we think.

Another thing about Figure 4.13 on page 4-9 is that we do not seem to have any
relaxation at all. The qubit relaxation time is T} » 100 s, the readout is completed
about 2 s after the m-pulse is done and we do 10.000 measurements after a m-pulse.
Therefore there should be about 200 stars in the ground state, but we do not measure
ground state one single time. We have not been able to determine why this is, but a
hypothesis is that in some cases the strong readout stabilises the qubit in the excited
state.

From the quantum efficiency measurement it is clear that the losses in the JTWPA
have a very negative impact if there is no pump. Therefore the JTWPA should not
be used in a readout line without also using a pump.

5.4 Conclusions

To summarise the results and the discussion of the JTWPA, the conclusions we can
draw are:

o Pump power and frequency interdependent, i.e. one cannot determine the best
pump power and pump frequency independently.

o Highest gain does not imply highest ASNR.
o Small changes in the pump can strongly affect the gain profile.

o Different pumps, and thereby different gain profiles, may be useful for different
applications.
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The JTWPA module insertion loss L in dB at frequency f in GHz is well
approximated by L =0.91f + 0.4 + 0.25.

The JTWPA module stopband is well estimated to reach from 2f;, = fupper t0
fupper, Where f,, is the pump frequency in GHz and fpper = 6.18 GHz.

The saturation power is P, ~ —94dBm.
Highest gain is generally reached for P, ~ -50dBm and f, ~ 6.06 GHz.
Highest ASNR is generally reached for P, » -52dBm and f, ~ 6.05 GHz.

There are two regions with low ASNR very close to the region with high ASNR
in the pump power /frequency-plane which need to be avoided.

For P, »~ -50dBm the JTWPA adds noise photons to the extent that the SNR
remains unchanged, while for P, ~ —=52dBm it adds very few noise photons,
increasing the SNR with between 5 and 11 dB.

The JTWPA module can reach a system noise temperature close to the stan-
dard quantum limit and a system quantum efficiency above 50 %.

5.5 JTWPA calibration for new measurements

If the JTWPA is going to be installed and used in a new setup it needs to be
recalibrated. The pump frequency does not need to be calibrated, since a properly
working pump source will generate a signal with the frequency requested of it, but
the pump power needs to be recalibrated since the exact total loss of all cables, all
contacts, all attenuators, etc, is hard to know and the JTWPA is very sensitive to
both pump frequency and pump power. In order to do this calibration, follow the
instruction below.

1.

Connect a VNA to the signal line and the pump source to the pump input
line.

Set the pump frequency to f, = 6.065 GHz and the pump power to what is
expected to be P, ~ -60dBm at the JTWPA module pump-port.

. Measure the parametric gain, i.e. the difference in transmission for pump on

and pump off, for these pump settings in the interval 4-8 GHz.

. Redo this for higher and higher pump power, with steps of 1dB. At some point

you should start getting gain. Keep increasing the pump power until the gain
drops to zero.

Once you have found an approximate pump power region where the gain is the
highest, sweep the pump power in this region in a 4dB interval, with 0.2dB
steps.
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6. Now you should have a similar image to the one presented in Figure 5.5.
Determine the pump power giving the highest parametric gain. This pump
power corresponds to —50dBm at the JTWPA module pump-port. Now the
results from the thesis can be used by subtracting the difference between pump
source output power giving the highest gain and -50 from whichever pump
power you want to use.

Parametric gain for f, = 6.065 GHz (dB)
—

-92

-51.5

1
ot
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1
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Figure 5.5: The parametric gain of the JTWPA module for f, = 6.065GHz as a function
of pump power at the JTWPA module and signal frequency. Note the huge parametric gain
around the upper bound of the stopband.

5.6 Future work

Things that could be done in a future work to improve the JTWPA characterisation
are:

o Measure the gain profiles multiple times. In this thesis work the gain
profiles were measured with a VNA using averages, in order to average away
noise. An improvement for the future could be to measure the gain profiles
many times instead of using averages, since then the gain stabilities could be
studied.

o Measure the gain profiles for high ASNR. In this work the gain was
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mainly studied in the region where the gain was the highest. Later it turned
out that the highest ASNR was reached at lower pump powers. It would be
interesting to study the gain profiles closer in this region.

e Measure the ASNR multiple times. Due to time limitations we could
only measure the SNR for each pump once, making the results fairly noisy
(recall Figure 3.31 on page 3-28). The ASNR-results would be more clear if
the ASNR was measured multiple times in the relevant region (i.e. for f, €
[6.03,6.06] GHz and (P, € [-53,-51] dBm).

o Characterisation of the components. By measuring each component’s
and each cable’s transmission, reflection and insertion loss, it would be easier to
make more accurate predictions about the JTWPA module as a whole. Then
the resonance at 9 GHz (recall Figure 3.25 on page 3-22) might be located to
one of the components.

o Use of integrated through. In this work the through has always been
put in parallel with the JTWPA module as a whole. This was done since
the JTWPA module as a whole was what was going to be used in the end.
Increased understanding of the JTWPA could be reached by integrating a
through into the JTWPA module and hence be able to measure intrinsic ef-
fective gain®. The circuit schematics for this are shown in Figure A.1 on

page A-1.

e Quantum efficiency map. Gain and ASNR were measured for multiple
pump powers and frequencies, which could then be shown in maps (recall
Figure 4.2 on page 4-2 and Figure 4.7 on page 4-5), while the noise temperature
and the quantum efficiency only were for one pump frequency and power. A
similar map of quantum efficiency for different pump frequencies and powers
could be useful. This was not done in this work simply due to lack of time.
Some unexplained experimental problems took a lot of time, such as strong
gain fluctuations.

o Use of pump filter. The pump power exiting the refrigerator was quite
high, about ~ 7dBm. The effects of the pump in the down conversion process
is not completely known, but it might be one of the reasons for the strange
amplification of the ground state of the qubit. To ensure that the pump does
not affect the down conversion, or any other process outside the refrigerator,
a bandstop filter should be added to the OUT-port of the JTWPA module,
which would then reflect the pump into the OUT-isolators.

o Ensure atomic reference lock. We experienced some gain instabilities. It
seemed like the JTWPA switched between different gain profiles. We believe
the reason for this is that the pump source used an internal reference instead
of the atomic clock and hence was not stable in frequency. To ensure this does
not happen again for future measurements, the user should ensure that the

2That is, the effective gain of the JTWPA excluding the insertion loss of the other
JTWPA module components.
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pump source is properly locked to an atomic clock reference.

Use of one good qubit for calibration. Throughout this work we have
worked with multiple qubits. Since we kept changing qubits between the
cooldowns, a lot of time was put into calibrating each new qubit. Multiple
cooldowns were more or less wasted since many of the qubits turned out to
be too bad to use for the calibration. A lot of time would hence be saved by
using one good qubit for all cooldowns.

Measure reflection and backwards-travelling pump. By putting a circu-
lator in front of the JTWPA module, one could measure the JTWPA module
reflection as well as the pump signal travelling out of the IN-port due to finite
directivity and reflection at the JTWPA. This could help understanding the
possible back-action of the JTWPA module on the sample.

Further investigation of single-shot measurements. Some of our single-
shot measurements using the JTWPA were only slightly better compared with
a line through, while others were a lot better, but the pump parameters were
almost identical between the measurements. This is not yet completely un-
derstood and should be investigated further.

Use of pump cancellation. We used a double isolator at the JTWPA module
IN-port to isolate the sample from the reflected and the backwards-travelling
pump, but some of pump will still leak through. This can be improved by
connecting another signal at the directional coupler isolation port, an “anti-
pump”’, at the pump frequency which is m-shifted compared with the pump.

Measure two JTWPAs in parallel. Both JTWPA brackets were made to
be able carry two JTWPAs in parallel, but we never got to that point. It
could be interesting to study if the JTWPAs disturb each other, and if adding
a second JTWPA line makes thermalisation of the refrigerator harder or not.

Measure two JTWPASs in series. It could be interesting to connect two
JTWPASs in a series after each other and do a similar characterisation as the
one described in this thesis for this new system.
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Appendices






A

Setup schematics

In this appendix more setup schematics are shown. In Figure A.1 the setup schemat-
ics of the JTWPA module with an integrated through line is depicted.

In Figure A.2 the first setup is completely depicted, including all attenuators on
all cryostat levels, which was used to measure the gain profiles and make a first
measurement of the ASNR. These first ASNR-measurements are not presented in
this thesis.

In Figure A.3 the second setup used is completely depicted. The results from this
setup are not presented in this thesis because the qubit was too unstable to get
any good results. The pulse generator signify the up conversion setup shown in
Figure 3.8 on page 3-7 and the digitizer in the setup schematics signify the down
conversion setup shown in Figure 3.9 on page 3-8.

In Figure A.4 the third and fourth setups used are completely depicted. The only
differences between the third and fourth setups are that the qubit was replaced
with another qubit (not shown here). It was in this setup the noise temperature,
quantum efficiency, single-shot readout and the ASNR presented in this thesis were
measured.

________________________ Cryogenic 77
Directional szvi%ch

! 1
1 1
1
1 Double isolator coupler |— Through Double isolator 1
1 1
IN — | — | Ol rwea [+ — | — BooUT
] id fal 1
' ] i
:
1
1
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Figure A.1: Setup for measuring the gain specifically of the JTWPA, without including the
losses in the lines, contacts, etc in the JTWPA module.
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Figure A.2: The complete setup for the gain profile and ASNR measurements. Note the
switches at room temperature allowing us to switch between using a VNA and using an
RF source together with a digitizer. Also note the cryogenic switches allowing us to choose
between measuring the through line and measuring through the JTWPA module. Assuming
the lines down into the refrigerator have approximately 10 dB line attenuation each, the total
attenuation is 97 dB of the signal line and 50dB of the pump line. The directional coupler
has a coupling of 13 dB.
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ing the lines down into the refrigerator have approximately 10dB line attenuation each, the
total attenuation is 75dB on the signal line, excluding the 30 dB attenuator on the VNA, and
53 dB on the pump line. The directional coupler has a coupling of 13 dB.
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Figure A.4: The complete setup for the second try to measure the quantum efficiency.
Assuming the lines down into the refrigerator have approximately 10dB line attenuation
each, the total attenuation is 75dB on the signal line, excluding the 30 dB attenuator on the
VNA, and 58dB on the pump line. The directional coupler has a coupling of 13 dB.
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B

All Signal-to-Noise Ratio
improvement data

Below is all the data from the ASNR measurements presented.
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C

Derivations

This appendix contains interesting derivations that did not get into the thesis.

C.1 Derivation of Friis’ formula

Consider a chain of n amplifiers with lossless cables as depicted in Figure C.1. Each
amplifier has a gain and a noise temperature. Since we assume lossless cables the
signal at node 1, denoted S; will be equal to the signal at the signal source, the

initial signal S;.
G1,Tn1 G2, TN 2 G3,TN,3
Signal
source

Figure C.1: A signal source connected to an amplifier chain, where amplifier i has gain G;
and noise temperature Ty ;.

The signal will be amplified through the chain with the gain of each amplifier and
the final signal S¢ will hence be given by

Sf= SIHG’L — S4 = G1G2G331 (Cl)
=1

where the latter equality is a simplification in the case of three amplifiers.

The noise will have a contribution from each amplifier which will then be amplified
through all the remaining amplifiers,

Teont.i = TN,i H Gj- (02>
j=i
The total noise after the amplifier chain can hence be expressed as

T - i(TN,iﬁGj) (C.3)

i=1 G=i

= G1G2G3TN,1 + G2G3TN,2 + G3TN,3
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where the latter equality is a simplification in the case of three amplifiers.

Now we express the signal-to-noise-ratio after the amplifier chain,

St _ Silis Gi _ Si - Si : (C.4)

L s (TaIeG) s (TaEe) S (T T G)

and we see that the noise at the end of the chain, compared with the original signal,
is given by the denominator of this fraction, i.e. the system noise temperature is

LN AN
Ts s = i : (05)
Y 7; [ G;

which is Friis’ formula for the system noise temperature.

In the case of three amplifiers this calculation would hence be

é ~ G1G2G3S,
Ty G1G2G3TN,1 + G2G3TN,2 + G3TN,3
Si

G1G2G3TN 1+G2G3 TN 2+G3TN 3 (C6)
G1G2G3

S

- TN,2 N3
Ing + <t e

and we extract that the system noise temperature is

Tne  Ins
sys = AN1+ —— + —= C.7
wEINLTG T GhG, (€.7)

which is Friis” formula for the system noise temperature of 3 amplifiers.

C.2 Derivation of rotation angle for maximised
resolution

Assume we have two complex numbers 21, 29, €.g. the readout results of a single-shot
readout measurement of a qubit. The goal here is to rotate these complex numbers
such that all information is stored in one axis, e.g. the real axis. Then only the I
channel contains information and the () channel can be disregarded.

After a rotation of € radians around origin the complex numbers can be written as

2y = rpel®1+0), (C.8a)
2z = 1pel(02+0), (C.8b)
In order to maximise the readout resolution, we rotate them such that they get the
same imaginary part. Then all the information will be stored in the real-part, i.e.

we want
J(z1) =T3(29) = rysin(by +60) =rysin(by +0) (C.9a)
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which we can write as a function,
f(0) =rosin(0+6;) —rysin(f +6;). (C.9b)

We know that the sum of two sine functions of the same variable, in this case 6, will
be another sine with the same frequency, i.e.

f(0)=rsin(6+6") (C.9¢)

where 0’ is some phase shift. Since we want the difference between the imaginary
parts to be zero we now want to find the # making f = 0, which we see from
Equation (C.9¢) is 6 = —-0', so the task now is to find —¢’. By putting together
Equations (C.9b) and (C.9¢) and using smart choices of 6 we can find useful relations
in order to identify ¢,

f(=01) =rsin(f' —0,) = rosin(A0) (C.10a)
f(g—el) = rcos(f - 0)) = rycos(A) — 11, (C.10Db)

where A6 := 6, - 6,. Now by dividing Equation (C.10a) with Equation (C.10b) we
get

o sin (A6)
tan(0' —0;) = C.11
an( 2 rocos(Af) —rq ( )
which we can solve for # and we get
rosin(Af
6!:81+arctan(r2CZS(A(9)_)r1)+n7r, neZ. (C.12)

To summarise, by rotating the two complex numbers z;, zo with -6’ given in Equa-
tion (C.12) we get
zZ1 = Tlei(01—9')’ (ClSa)
29 = 19el (270" (C.13b)

which will have the same imaginary part and thus all information in the real axis.

C.3 Estimation of system noise temperature us-
ing the JTWPA

In this section I estimate the system noise temperature using the JTWPA module,
as a function of JTWPA gain and JTWPA ASNR. The main differences from the
derivation of Friis’ formula in Appendix C.1 are two: firstly the signal strength is
assumed to be so small that vacuum noise has to be considered, and secondly the
lines are now assumed to not be lossless anymore.
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C.3.1 Schematics

The schematics of a general setup are presented in Figure C.2 and the JTWPA module
setup is presented in Figure C.3.

JTWPA module

Switch Switch HEMT
Signal ] o
source [—]

Figure C.2: A general schematic with the JTWPA module. Some signal is sent
through a cable to the JTWPA module and then it goes to the HEMT-amplifier.

Directional

1 1

1

: Double isolator coupler JTWPA  Double isolator :
1

Net— —[—| > OuT

: 1
1

! 1

| 502 % :

: :

1 =

' JTWPA module 1

Figure C.3: The JTWPA module setup.

This schematic is rewritten as a model with attenuators representing the cable losses
and insertion losses of the non-amplifying components, and the amplifiers, presented
in Figure C.4. Since the insertion loss of the JTWPA is not included in the attenu-
ation in the figure, the gain G considered for the calculations must be the effective

gain.
o _2;dB JTWPA___4g HEMT
igna > > ..
[ 1 [ 1
source Sl SQ 53 S4

Figure C.4: A model of Figure C.2. The signal source generates a signal Sp
which is then attenuated and amplified by the cables and the components in the
JTWPA module before reaching the HEMT amplifier.

C.3.2 Attenuation estimation

In order to estimate the noise temperature, first we need to estimate the attenuators
x1 and xo. The attenuation x; corresponds to the losses between the signal source
and the JTWPA. This path contains a switch with approximately 1 dB attenuation,
an isolator with approximately 0.2dB attenuation and a directional coupler with
insertion loss L presented in Table C.11.

Values taken from https://www.markimicrowave.com/Assets/datasheets/C13-0126.pdf

C-4


https://www.markimicrowave.com/Assets/datasheets/C13-0126.pdf

C. Derivations

Table C.1: The insertion loss L of the directional coupler according to its specifi-
cations and the estimated attenuation x; at a few selected frequencies. The latter
relates to the first one by adding 0.2dB for the isolator and 1 dB for the cables.

f L L1
4GHz | 0.4dB | 2.60dB
5GHz | 0.45dB | 2.65dB
7GHz | 0.5dB | 2.70dB
8GHz | 0.55dB | 2.75dB

The attenuation x5 we estimate to be 2.2 dB, where 0.2 dB is from the double isolator,
1 dB from the cables between the JTWPA module and the HEMT amplifier and 1 dB
from a switch.

C.3.3 Noise temperature estimation

The classical noise temperature can be estimated by estimating the signal strength
Sy at the HEMT amplifier. We do this step by step. First we estimate Sy simply as

Sy =8, -1071 (C.14a)
then S3 as
53 = GSQ (Cl4b)
where G is the effective gain of the JTWPA. Finally S is estimated as
Sy=55-10770. (C.14c)
All put together we get
Sy=10""10-GS,. (C.15)
| —
GI

The noise after the first attenuator will be the same as before the amplifier [13],
hence the first attenuator does not affect the noise amplitude, but otherwise the
calculation is the same for the noise as for the signal. We end up with the noise T}
at the HEMT amplifier to be

Ty=G-10°1 (Tyvacuum + Tyrwra) +Taemt (C.16)

S.Q.L.

where Tyacuum 18 the noise temperature due to vacuum fluctuations, Tyrwpa is the
noise temperature of the JTWPA and 75 q 1, is the standard quantum limit, which
is equal to the sum of these two. The signal-to-noise-ratio at the HEMT is hence

S G'sy
Ty G107 8Ty qr + Tumur

@1 T;
= Sl /(1010TS.Q‘L. + HSII\AT)

(C.17)
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C. Derivations

and the system noise temperature can be extracted as the denominator of this
fraction, i.e.
TuemT
T g
where Thpmt = 2K is the noise temperature of the HEMT amplifier and 751, is
given by

+Tsqu - 10T (C.18)

Tsqr =2 57— (C.19)
at frequency f.

We can now solve Equation (C.18) for different effective gains G of the JTWPA,
which are presented Figure C.5.

2

T T T
m— Ty at 4 GHz
-—- TS.Q.L. at 4 GHz
— Tsys at 5 GHz
- - TSAQ.LA at 5 GHz [
— Ty at 7 GHz
——- TS.Q.L. at 7 GHz
e Tys at 8 GHz
- TSAQ.LA at 8 GHz

=
o
T

Noise temperature (K)
=
T

JTWPA efficient gain (dB)

Figure C.5: System noise temperature for different effective gains of the JTWPA,
compared with the noise temperature of the HEMT amplifier and the vacuum noise
temperature at the frequencies 4,5,7,8 GHz.
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D

Investigation of directional
couplers

One crucial component in the JTWPA setup is the directional coupler. In the thesis
it is stated that the directional coupler used was Marki’s model “C13-0126", but it
is never really explained why. This appendix aims to go through the investigation
of directional couplers and explain why the chosen one was chosen.

D.1 The priorities for the coupler

A list of priorities for the coupler was made in order to simplify the process. Below
is the list revised by the supervisor.

1. Couples the interval 5.8 - 6.2 GHz. We knew that the optimal pump
frequency was going to be in this interval. The reason to use a directional
coupler was to couple the pump, so if it did not couple signals in this interval
there would not be any reason to use it at all.

2. Low insertion loss in the interval 4 - 8 GHz. Since the HEMTs work in
the interval 4 - 8 GHz the qubit readout resonators are also made to work in
this interval. Since the point of the JTWPA is to amplify a very weak signal
in this interval it is important that the signal is not reduced further, i.e. that
the insertion loss is as small as possible.

3. High directivity in the interval 5.8 - 6.2 GHz. A finite directivity, which
is always the case in reality, implies that some part of the pump signal will
exit the wrong port of the coupler and travel towards the qubit. This signal
could then interfere with the qubit. Therefore the directivity should be large
enough that it is negligible compared with the pump signal reflected at the
JTWPA.

4. A low coupling factor, i.e. high coupling, in the interval 5.8 - 6.2
GHz. The part of the pump that is not coupled is turned into heat at the
isolated port. If the coupling is low then the power of the pump must be higher



D. Investigation of directional couplers

and thereby there will be more heating, which we do not want since we want
the system to stay at 10 mK.

D.2 Comparison of different couplers

It was known at the division that directional couplers from Marki worked well at
cryotemperatures, which is why only directional couplers from Marki were investi-
gated thoroughly. In Table D.1 a selected few directional couplers from Marki are
compared with a theoretical desired directional coupler.

Table D.1: Some of the most promising directional couplers from Marki that coupled the
relevant frequency interval. Insertion loss refers to the maximum insertion loss on the interval
4 - 8 GHz and directivity and coupling to the directivity and coupling around 6 GHz. The
values in the table are read out from graphs so they are only approximately correct.

Coupler | Insertion loss | Directivity | Coupling
Desired <0.5dB >25dB <20dB
C09-0R412 1.1dB X 25dB v | 9dB vV
C10-0116 1dB X 29dB v | 10dB v
C13-0126 0.5dB v 27rdB v | 13dB v
C20-0226 0.3dB v 22dB x| 21dB X
C20-0R518 09dB X 30dB v | 20dB v

In the end the model C13-0126 was chosen because it met all requirements while
other models failed in one of the categories. Some other models, that are not listed
in the table above, also met the requirements of the table but failed in some other
way. FEither they did not have SMA connectors, they coupled the wrong interval,
they had an internal termination of the isolated port, or something else.
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Pump filter design

In order to get rid of the pump from the output line of the refrigerator, without
attenuating the signal, a high-quality narrow-band notch filter is needed. The steps
of making this filter are described below.

E.1 Definitions

First we define the desired characteristics of the filter by defining at which frequencies
the stopband should work. We define the relevant frequencies as

f1=5.9GHz, (E.1a)
fa=6.1GHz, (E.1b)
fo= fl;fZ, (E.1c)
of = fa— S, (E.1d)
w; =27 f;, (E.1le)
dw =27 f (E.1f)

where f1, fo are the lower and upper cutoff frequencies of the stopband, fy the
center frequency, ¢ f the bandwidth and w; the corresponding angular frequencies
for i € {0,1,2}.

E.2 Ideal filter design

We use the topology shown in Figure E.2 with a high quality factor @) = 1000 of the
resonators and we find an ideal filter which performs very well in simulations. The
filter is simulated in Advanced Design System and the results from this simulation
are presented in Figure E.2.
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: " "™ " o
] ] ]

I I o

@ = 1000

Figure E.1: An ideal filter filtering frequencies in the relevant stopband interval while letting
frequencies outside the stopband transmit with low losses. The filter is symmetric and alter-
nates between parallel resonators along the transmission line and series resonators to ground.
Each resonator has the quality factor ¢ = 1000.

0 | | O I L
) ) ‘ r
= = 5L i
@B 50| 1 &
2 g -10f 1
Z -100 | 1 & |
: :
= =
I h I -9 | | |
4 5 6 7 8 %.6 5.8 6 6.2 6.4
Frequency (GHz) Frequency (GHz)
(a) (b)

Figure E.2: The transmission results of simulating the filter in Figure E.1 in Advanced
Design System. The filter has almost zero losses outside the stopband, while the stopband
reaches almost 150dB attenuation. (a) Transmission on the whole interval 4-8 GHz. (b)
Transmission only around the stopband.

To find the necessary inductances and capacitances for the resonators we use the
constants

ky = 1.1468, (E.2a)
ks = 1.3712, (E.2b)
ks = 1.975 (E.2c)
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E. Pump filter design

from a table in Reference [37] and define the impedances as

Cit = Zokydw, (E.3a)
Cy' = Low?, (E.3Db)
C3t = Zoksow, (E.3¢)
L7 = Cyw?, (E.3d)
I3l - Ziokz(sw, (E.3e)
L3' = Cyu. (E.3)

E.3 Transformation to ideal transmission lines

As a next step the ideal lumped-element filter is transformed into ideal transmission
lines. This transformation is done using a method described in Reference [37]. By
defining the impedances

L

Zy =] 22 ~45.73Q, (E.4a)
Cy
Ly

Zy =\ 22 ~10940, (E.4b)
Cy
L,C2

Zs = ~ 635.20Q) E.4

5=\ c2a, (E-de)

we can then rewrite the filter to a transmission line filter, see Figure E.3. Then this
new, transformed, version of the filter is simulated using Advanced Design System,
presented in Figure E.4.

The results from this simulation may seem very interesting. The highest attenuation
of the transformed filter is now almost 800 dB while the losses are still very small.
In theory this filter should have 0 transmission, i.e. —ocodB transmission. That
we still get a finite value, 800 dB, is probably due to some simulation or rounding
limitations.

Z1 Z1 Z1 Z1 Zl Zl

I 1 I 1 I 1 I 1 I 1 I 1
1 I 1 I 1 I 1 I 1 I 1 I °

[og

Zs Z Zs Zs Zs

Figure E.3: The ideal filter transformed into ideal transmission lines with impedances

Z1,22,Z3. Each transmission line has centre frequency fo and electrical length 7, i.e. the

phase for a signal at the centre frequency changes 7 over the length of the transmission line.
The filled circles signify that the circuit is open there.
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Figure E.4: The simulated transmission response of the filter in Figure E.3 in Advanced
Design System. This filter has some, but still negligible, losses outside the stopband, while
having almost 800 dB attenuation at the lowest point. (a) Transmission on the whole interval
4-8 GHz. (b) Transmission only around the stopband.

E.4 Transformation to rectangular wave guides

To be able to fabricate the filter, a physical design is needed. This was not possible
to realistically simulate in Advanced Design System so instead it was simulated in
Ansys® HFSS. Ansys HFSS simulates the propagation of the actual electric fields,
which makes its simulations very accurate.

At this point we got a problem though. The technology needed in order to get a high
enough quality factor @) of the resonators requires wave guide technology. But the
calculated value of Z; is below the impedance of free space, Zy ~ 3772, so we could
not translate our ideal transmission line model directly to a wave guide. Instead, we
tried to make it as similar as possible and then simply used numerical optimisation
to find a fairly good filter. The best simulated result is presented in Figure E.5 and
the design for this result is presented in Figures E.6 and E.7.

E.5 Transformation to a manufacturable filter

The results from the simulation shown in Figure E.5 were no longer as good as in
the simulation using ideal transmission lines, but we thought it might still be good
enough.

However, it turned out it would be hard to manufacture this filter design with a
high quality, due to the resonators being placed on multiple sides of the main wave
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guide. Therefore we tried transforming the filter design into a design where all the
resonators were located on one side of the main wave guide. None of the simulations
of these transformed filters ever showed any promising results and finally we gave
up on the task.

- -
CA) T 5
) )
2 a0 g -10
z Z
E :
5 —60 5 -15
= =
- )
804 ) 6 7 8 %.6 2.8 6 6.2 64
Frequency (GHz) Frequency (GHz)
() (b)

Figure E.5: The results of simulating the wave guide filter in Ansys® HFSS. (a) Transmission
on the whole interval 4-8 GHz. (b) Transmission only around the stopband.

Parallel resonators

Series resonators

Figure E.6: The wave guide filter simulated in Ansys® HFSS. The filter is basically a long
metal box, the main wave guide, with different boxes on the sides, the resonators. Whether a
resonator works as a parallel resonator or a series resonator depends on what side of the wave
guide the resonator is placed.
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Figure E.7: The wave guide filter in a half section view. Note that all the resonators are
simply hollow boxes with an opening towards the main wave guide.
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