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Abstract

During the last years, the topic of superconducting circuit quantum electrodynamics
has attracted increasing interest. After, A. Wallraff et al. [1] observed the coherent
exchange of a microwave single photon between a superconducting charge qubit
strongly coupled to an on-chip microwave cavity, it became clear that the coupling
of a quantum mechanical two-level system to a microwave photon on one chip is
possible.
In 2005 M. Mariantoni [2] proposed an experimental setup to deterministically gen-
erate single microwave photons in a system of a flux qubit strongly coupled to a
resonator. Since single microwave photon detectors are not available yet, a tech-
nique similar to optical homodyne detection is proposed to detect these extremely
weak microwave signals.
A critical component in this setup is a 180◦ hybrid ring which acts as a microwave
beam splitter. This hybrid ring will be connected to the resonator output and the
weak microwave signal will be superimposed with a strong local oscillator (LO) signal
of the same frequency. The constructive and destructive interference signals will give
information about the single microwave photon. This detection scheme puts strong
requirements on the hybrid ring. Both input ports need to be isolated at the photon
(and LO) frequency, whereas a 3 dB coupling has to be achieved between the input
and the output ports.
In this work experimental results of hybrid rings of different designs and materials
will be presented and analyzed. A short introduction of qubits and the readout of
weak microwave signals is given in the first chapter. The theoretical background
of a microwave beam splitter is explained in chapter two, including transmission
line theory, theory of the S-parameters and the theoretical behavior of the hybrid
ring. After a short description of the fabrication process and the experimental setup
scheme, the measurements are presented in chapters four and five. The results of
the S-parameters are classified according to the two designs - the microstrip and the
coplanar waveguide hybrid ring. At the end of chapter four measurements that were
performed in Erlangen with a low temperature laser scanning microscope (LTLSM)
are shown and discussed. Chapter five shows time domain measurements of the
hybrid ring when applying two signals at the two input ports and detecting the
constructive and destructive interference on the output ports. A conclusion is given
in chapter six.
The appendix names detailed information about fabrication parameters, technical
drawing and a few theoretical additions. A summary of some experiments in circuit
quantum electrodynamics can also be found in the appendix.
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1 Introduction

It has taken years of technological advancements to create modern computers.
Charles Babbage (1791-1871) came up with the idea of a programmable engine and
in 1941 Konrad Zuse created the first computer. Over time, computers have become
more compact and considerably faster. However, the basic operation principle re-
mains the same: to manipulate and interpret classical binary digits, or classical bits,
into useful computational results. A classical ”bit” is a fundamental unit of infor-
mation. Classical bits are formed by a macroscopic physical system, e. g. as charge
on a conductor or a hole in a punchcard. This means a classical bit must be either
0 or 1 (charge or no charge on the conductor, hole or no hole in the punchcard).
During the last years, it turned out that there are some problems that are to compli-
cated to be solved with classical computers in a reasonable amount of time. In 1982,
Feynman [3] introduced the idea of using a quantum system to simulate ”physics”,
as he said, with computers. Here, the phrase ”physics” includes quantum mechanical
many body problems for which, in the case of classical computers, the calculation
time increases exponentially with the size of the problem.
The fundamental unit of quantum information is the quantum bit or ”qubit”. In
general, a qubit is a quantum mechanical two level system with basis states |0〉 and
|1〉. Thus, any state |Ψ(t)〉 of the qubit can be interpreted as a superposition of these
two basis states:

|Ψ(t)〉 = α(t)|0〉+ β(t)|1〉.

Here, α(t) and β(t) are complex amplitudes that have to satisfy the normalization
condition

|α(t)|2 + |β(t)|2 = 1.

More details about qubits are located in the appendix A.1.
Qubits can be realized by different physical systems. For example, in quantum optics
ions are trapped and confined by electromagnetic fields and then can be manipulated
by lasers. This has been achieved with eight qubits by H. Haeffner [4].
In a second ansatz cold atoms (Bose-Einstein-condensate) in optical lattices are
used. These atoms can be entangled and manipulated in parallel. The optical lattice
consists of micro traps that are created by standing laser fields.
The nuclear magnetic resonance (NMR) quantum computer uses the spins of atomic
nuclei. In 1998, Chuang et al. [5] used such a ”computer” to factorize the number
15 by applying the Shor algorithm [6]. However, NMR approaches lack scalability.
Besides semiconductor nanostructures like quantum dots, one of the most promising
solid-state architectures for the realization of qubits is based on superconducting
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1 Introduction

quantum circuits [7]. The advantage of superconducting qubits over any other solid-
state based quantum mechanical two-level system is the possibility to isolate the
qubit from most of the environmental degrees of freedom and thereby reduce de-
coherence effects. This can be done because the superconducting ground state is
separated by an energy gap (∼meV) from the quasiparticle excitation spectrum.
Physically, superconducting qubits are based on Josephson junctions that are ar-
ranged in different designs and different sizes. Depending on the ratio of the charac-
teristic energy scales of the qubits Josephson junctions, the family of superconducting
qubits can be divided into charge qubits, phase qubits and flux qubits (also known
as persistent current qubits).
These superconducting quantum circuits have been investigated in numerous exper-
iments [8, 9, 10, 11, 12, 13]. An overview of single and two qubit gates is given in
reference [14]. In 2003, Yamamoto et al. [15] introduced a conditional gate operation
using a pair of superconducting charge qubits.
The interaction between matter and light is of fundamental interest to physics. In
quantum optics individual atoms with electrical dipole moment d are coupled to the
vacuum state electric field E0 of a cavity. When the Rabi frequency νRabi = 2dE0/h
exceeds the rates of relaxation and decoherence of both the atom and the field, the
coherent oscillations of a single excitation between the atom and the cavity can be
observed at νRabi.
In 2004 A. Wallraff et al. [1] observed the coherent exchange of a single microwave
photon between a superconducting charge qubit and an on-chip microwave cavity.
The strong coupling of a superconducting qubit with an on-chip microwave cavity
opened a new and fascinating field referred to as circuit quantum electrodynamics (c-
QED). Sillanpää et al. [16] and Majer et al. [17] coupled two qubits via a resonator
while Helmer et al. [18] proposed a cavity grid which allows to couple any two qubits
on a grid independent of their distance and transfer information between them.
Houck, Schuster et al. [19] demonstrated how to utilize a specially designed qubit and
resonator as an on-chip single-photon source. The qubit state can be mapped onto a
photon which then acts as a ”flying qubit” and transmits the quantum information
across the chip. Thus, the information of the qubit is transferred onto a microwave
photon. Details about this experiment can be found in the appendix A.4.
The readout of such microwave photons requires additional microwave elements that
are working with low loss materials and at low temperatures since temperatures in the
range of a few mK are needed. For many experiments the development of microwave
technologies suitable for dealing with quantum signals is a crucial prerequisite. In
this respect, it is of especial importance to investigate from which materials such
microwave components should be made and how the device properties are influenced
by this choice.
In 2007 Mariantoni et al. [20] proposed a measurement scheme that is expected to
allow the detection of weak quantum signals, even at the level of single microwave
photons. A crucial component is a device acting as a microwave beam splitter -
the 180◦ hybrid ring. (see figure 1.1). It allows to create a coherent superposition
of the quantum signal (S), entering the hybrid ring through port one, and the local
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Figure 1.1: Sketch of the 180◦ hybrid ring. The incident signals at ports one and three
are superimposed and the constructive and destructive interference is emitted
through port two and four.

oscillator signal (LO), coming through port three with ωS = ωLO. The microwaves at
the output ports two and four are amplified at low temperatures and downconverted
to DC-signals. These DC-signals are proportional to the energy of the input signals
and can be measured as voltages with an oscilloscope.
The classical theory of hybrid rings (see section 2.3) is extended to the quantum
regime in analogy to an optical beam splitter. With the vacuum incident at ports
two and four, the reduced quantum input-output relations of a lossless hybrid ring
are (

a2

a4

)
=
(

r t
−t∗ r∗

)(
aS

aLO

)
(1.1)

where r and t are the complex, frequency-dependent reflection and transmission
coefficients, aLO and aS are the signal and LO port operators and a2 and a4 are the
signals at the output ports two and four.
This detection scheme puts strong requirements on the hybrid ring. The signal at
the center frequency, applied at port one is equally split into two components with a
phase shift of 180◦ at port two and port four while, simultaneously, port three must
be isolated. These conditions corresponds to r = t = 1/

√
2. The signal applied at

port three is split into two in-phase components at ports two and four. This leads
to a constructive interference at port two and a destructive interference at port four
of the two applied signals (a2 = (aS + aLO)/2 and a4 = (−aS + aLO)/2). The center
frequency f0 is defined by the circumference U of the hybrid ring as λ = 2U/3 and
f0 = vp/λ where vp is the phase velocity.
The behavior of the hybrid ring has been analyzed in detailed for normal conduc-
tors like gold and copper [21]. Since the applied signal at port one is a very weak
microwave signal, it would be advantageous to work with superconductors. Several
materials issues have to be resolved and the fabrication processes have to be opti-
mized in order to get a working superconducting hybrid ring. As the measurements
will show, a crucial step is the connection of the beam splitter with the environment.
Unlike commercial power splitters, the superconducting hybrid ring allows a super-
position of quantum signals. In references [22, 23], hybrid rings using dielectric-
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1 Introduction

supported air-gapped microstrip lines are presented. These hybrid rings achieve an
isolation magnitude of -40 dB. The measurements within this work will show that
the superconducting hybrid rings achieve an isolation magnitude of -50 dB.
Within this work, microstrip hybrid rings of different designs, materials and line
thicknesses were fabricated and analyzed. Additionally, three asymmetric copla-
nar waveguide hybrid rings were designed and their performance was compared to
symmetric coplanar waveguide hybrid rings measured within a pervious work [24].
Chapter 2 gives an introduction to superconductivity and transmission line theory.
Two of the major transmission line layouts - the microstrip line and the coplanar
waveguide - will be described. In section 2.3.1 detailed dimensions of the fabricated
hybrid rings are listed. An overview of the fabrication process and the setup scheme
is located in chapter 3. Detailed fabrication parameters can be found in the appendix
E.
The presented measurements are subdivided into frequency domain measurements
(see chapter 4) and time domain measurements (see chapter 5). Chapter 4 presents
S-parameter measurements of the different microstrip and coplanar waveguide hybrid
rings. The last section of this chapter shows measurements using a low temperature
laser scanning microscope. The time domain measurements of chapter 5 show the
destructive and constructive interference of two applied signals at the hybrid ring.
A conclusion of this diploma theses is located in chapter 6.
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2 Theoretical Background for the Hybrid
Ring

The design of the superconducting microwave beam splitter is influenced by super-
conductivity and transmission line theory. This chapter gives a short overview about
the basic aspects of these two theories. A 180◦ hybrid ring acts as the proposed beam
splitter and was therefore fabricated in the two major transmission line geometries -
the microstrip and the coplanar waveguide which are explained in section 2.2.2 and
2.2.3. The properties of the hybrid ring and the parameters that are to consider, are
presented in section 2.3.
Section 2.2.4 states a short introduction of S-parameters.

2.1 Superconductivity

Superconductivity was discovered in 1911 by Kamerlingh-Onnes. For many years, it
was thought to be characterized simply of a vanishing electrical resistivity below a
material dependent critical temperature. In 1933, Meissner and Ochsenfeld showed
that superconductors are perfect diamagnets, meaning an external magnetic field
is excluded from all but a thin penetration region close to the surface. Fritz and
Heinz London gave the first phenomenological explanation for the electromagnetic
properties [25] in 1935. The London theory is a dynamic theory that describes the
superconductors locally. In 1950, the phenomenological Ginzburg-Landau theory of
superconductivity was devised [26]. This theory, which combined Landau’s theory
of second-order phase transitions with a Schrödinger-like wave equation, successfully
explained the macroscopic properties of superconductors. In particular, Abrikosov
showed that the Ginzburg-Landau theory predicts the division of superconductors
into the two categories now referred to as type I and type II superconductors.
In 1957, almost 50 years after the discovery of superconductivity, Bardeen, Cooper
and Schrieffer published their microscopic theory of superconductivity [27].
During the last decades, superconductors have become more and more important in
many different fields such as superconducting magnets and transmission line. Due
to the fact that superconducting materials were used in this work, it is useful to give
a short overview of the important quantities. Additional details are located in solid
state books such as [28] or [29].
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2 Theoretical Background for the Hybrid Ring

2.1.1 The London Equations and the Coherence Length

The behavior of a superconductor in external electromagnetic fields can be under-
stood by using the two-fluid model. The free electrons of the superconductor are sep-
arated into two groups: the superconducting electrons with density ns and the ”nor-
mal” electrons with density nn. The total density of the free electrons is n = nn +ns.
The equation of motion for the superconducting electrons in an electromagnetic field
is

dvs

dt
=
eE
m

(2.1)

where m is the electron mass, e the electron charge and vs is the superfluid velocity.
At finite temperatures, there are thermal excitations in the superconductor whose
velocity vn is described by the Drude model(

∂

∂t
+

1
τn

)
vn =

eE
m

(2.2)

with 1/τn being the electron collision rate.
By using the supercurrent density js = nsevs and the London coefficient Λ =
m/(nse

2), (2.1) reads

E =
d
dt

(Λjs) . (2.3)

This equation is called the first London equation. It describes the relation between
an external electric field and the supercurrent. The relation between magnetic field
and current is described by the second London equation. Since the derivation is a
bit longer but not essential, only the results will be presented.
As already mentioned, an external applied magnetic field H(r) is not equal to zero
in the whole superconductor. The magnetic flux penetrates the superconductor as
described by the second London equation

∇× (Λjs) = −µ0H. (2.4)

By applying Maxwell’s equations, the second London equation is equal to

H + λ2
L∇× (∇×H) = 0.

Consider a superconducting semispace x > 0 where the surface of the superconductor
is assumed to be the x = 0 plane. A static external magnetic field H0 is orientated
along the z axis. By using this symmetries and ∇× (∇×H) = −∇2H one gets

d2H

dx2
= λ−2

L H.

This leads to the solution

H = H0 exp
(
− x

λL

)
.
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2.1 Superconductivity

λL is called the London penetration depth and is defined as

λ2
L =

m

µ0nse2.
(2.5)

Since λL depends on ns, the London penetration depth is also depending on T .
According to reference [28], a good approximation for the temperature dependence
is given by the empirical formula

λL(T ) =
λL(0)√

1− (T/Tc)4
. (2.6)

The London equations are local equations, they relate the local supercurrent density
to the local vector potential.

2.1.2 Skin Depth and Surface Impedance

An oscillating electromagnetic field penetrates a conductor in a region given by the
so called skin depth δ. This region influences the propagation of an electromagnetic
wave.
The Maxwell’s equations direct to

−∇2H = −µ0σ(ω)
∂H
∂t

and with H ∝ exp(−i(kx− ωt)) one obtains

k2 = −iµ0σ(ω)ω.

For analyzing the penetration of the electromagnetic field it is useful to substitute

k = (1− i)/δ(ω)

with

δ(ω) =

√
2

µ0σ(ω)ω
.

The electromagnetic field then is

H ∝ exp
[
−x
δ(ω)

+ i

(
x

δ(ω)
+ ω

)]
.

Thus, the oscillating electromagnetic field penetrates the conductor only to the depth
δ(ω).
Ohm’s law is

j = σ(ω)E

with σ(ω) the frequency-dependent conductivity. According to the two fluid model,
where the total current density j consists of two components jn and js, this can be
separated into two equations

js = σs(ω)E and jn = σn(ω)E.
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2 Theoretical Background for the Hybrid Ring

element Tc [K] λL(4.2 K) σ(4.2 K) [S/m] ZS(4.2 K) [Ω]
Nb 9.25 39.9 nm 6.08 · 107 + i 6.64 · 109 1.22 · 10−5 − i 2.67 · 10−3

Table 2.1: Tc is given in [28]; the other values are calculated with (2.5), (2.7) and (2.8) at
ω = 6 GHz.

Together with js = nsevn, jn = nnevn, E ∝ exp
[
−x
δ(ω) + i

(
x

δ(ω) + ω
)]

and the equa-
tions (2.1) and (2.2) the superconducting and normal conducting conductivities are

σs(ω) =
nse

2

−iωm
and σn(ω) =

nnτne
2

m

1
1− iωτn

The total conductivity is then defined as

σ(ω) =
nse

2

−iωm︸ ︷︷ ︸
superconducting component

+
nnτne

2

m

1
1− iωτn︸ ︷︷ ︸

normal component

(2.7)

Equation (2.7) describes the complex conductivity of a superconductor in a electro-
magnetic field with frequency ω.
The surface impedance is defined by

ZS =
E

H

with Maxwell equations and the assumption H ∝ exp(−i(kx− ωt)) it is possible to
write the surface impedance as

ZS(ω) =
1− i

δ(ω)σ(ω)
= RS + i ·XS (2.8)

The real part of the impedance RS reflects the energy dissipation due to heating,
while the imaginary part XS is the inductive resistance. Since σ(ω) depends on nn

and ns, ZS is temperature dependent.
Table 2.1 lists the important values for niobium, which is the only superconducting
material used within this work. The value for 1/τn is 370 GHz and ns is given as
0.89 · 1028 for T = 4.2 K [24].

2.2 Transmission Line Theory

Transmission line theory describes wave propagation in waveguides such as mi-
crowave tubes, which are more preferred for low frequencies, hollow-pipe waveguides
for higher frequencies and surface waveguides. Two typical types of surface wave-
guides are the coplanar waveguide and the microstrip which are used within this
work. A summary of different types of waveguides is given in reference [30]. First,
an introduction of transmission line theory and wave propagation will be given before
the microstrip and the coplanar waveguide design are described.
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2.2 Transmission Line Theory

2.2.1 Introduction

The transmission line is described by a satisfactory analysis which can be carried out
by treating the transmission line as a network. Current and voltage waves which may
propagate along the line can be found analytically by using the network’s parameters.
In this section the characteristic impedance and the effective permittivity will be
derived by applying Kirchhoff’s law.

Lumped Element Circuit Model

In general, a transmission line can be represented by a two-wire line. A piece of
infinitesimal length ∆z is shown in figure 2.1 and can be modeled as a lumped-
element circuit which is shown in figure 2.2 with

Figure 2.1: An infinitesimal length of transmission line

Figure 2.2: An infinitesimal length of transmission line modeled as a lumped-element cir-
cuit

R = series resistance per unit length, for both conductors, in Ω/m
L = series inductance per unit length, for both conductors, in H/m
G = shunt conductance per unit length, in S/m
C = shunt capacitance per unit length, in F/m.

Applying Kirchhoff’s laws, taking the limit ∆z → 0 and assuming V (z, t) = V (z) exp(iωt)
and I(z, t) = I(z) exp(iωt) leads to two equations

dV (z)
dz

= −(R+ iωL)I(z) (2.9)

9



2 Theoretical Background for the Hybrid Ring

dI(z)
dz

= −(G+ iωC)V (z) (2.10)

These equations are also known as the Telegrapher’s Equations and were developed
by Oliver Heaviside in 1887.

Wave Propagation

The Telegrapher’s equations can be converted to two one-dimensional wave equa-
tions. By the definition of a complex propagation constant

γ = α+ iβ =
√

(R+ iωL)(G+ iωC) (2.11)

where α is the damping constant of the propagating wave with the wave number β,
the general solutions of the Telegrapher’s equations can be written as

V (z) = V +
0 eγz + V −0 e−γz (2.12)

and
I(z) = I+

0 e
γz + I−0 e

−γz (2.13)

The characteristic impedance is defined as

V +
0

I+
0

= Z0 =
−V −0
I−0

(2.14)

By substituting (2.9) into (2.12) and using (2.13) Z0 is

Z0 =
R+ iωL

γ
=

√
R+ iωL

G+ iωC
.

With the substitution for I+
0 and I−0 in (2.13), the time-dependent solution for V (z, t)

can be expressed as

V (z, t) = |V +
0 | cos(ωt− βz + Φ+)e−αz + |V −0 | cos(ωt+ βz + Φ−)eαz (2.15)

Φ± is the phase angle of the complex voltage V ±0 .
Since the wavelength is defined as the distance between two successive maxima at a
fixed instant of time and [ωt − kz] − [ωt − k(z + λ)] = 2π, one finds an expression
for the wavelength

λ =
2π
β

(2.16)

and the phase velocity
vp =

ω

β
= λf. (2.17)

This is the solution for a general lossy transmission line, where the propagation
constant and characteristic impedance are complex quantities.
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2.2 Transmission Line Theory

Lossless Line

In the case of low loss effects, which is a good approximation for superconductors
at low temperatures, the above results can be simplified by setting the R = G = 0.
Then the attenuation α is zero and the propagation constant γ can be written as

γ = iβ = iω
√
LC .

Thus, the characteristic impedance can be written as

Z0 =

√
L

C
(2.18)

which is a real number. Analogous to the general solution the wavelength is

λ =
2π
β

=
2π

ω
√
LC

(2.19)

and the phase velocity is

vp =
ω

β
=

1√
LC

. (2.20)

It is also possible to give an expression for the characteristic impedance depending
on the effective permittivity of the system. With (2.20) and (2.18) the impedance
can be written as

Z0 =
1
Cvp

= LvP (2.21)

where c is the velocity of light. Since the effective permittivity εeff,q is defined by

εeff,q = c2v2
p (2.22)

Z0 can be calculated as

Z0 =
√
εeff,q

cC
=

Lc
√
εeff,q

(2.23)

The characteristic impedance is a very important property of a waveguide. Most
of the industrially fabricated devices are matched with Z0 = 50 Ω. This matching
requires also a 50 Ω alignment of the hybrid ring.

2.2.2 Microstrip

The microstrip is one of the most popular types of planar transmission lines because
it can be fabricated by a lithography process (see section 3.1). It consists of a single
conducting strip of width w and thickness ts suspended on a dielectric substrate of
thickness h. Figure 2.3 shows the cross section of a microstrip transmission line. The
ground plane is on the opposite site of the substrate and has a thickness tg.
If the dielectric was not present, one could think of the line as a two-wire line
consisting of two flat strip conductors separated by distance 2h. In this case, one
would achieve a simple TEM wave with vp = c. The presence of the dielectric
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2 Theoretical Background for the Hybrid Ring

Figure 2.3: The profile of a microstrip line with ground plane on the opposite side of the
substrate.

complicates the behavior of microstrip lines. The microstrip line cannot support
a pure TEM wave since the phase velocity of a TEM wave in the dielectric region
c/
√
εr differs from the one in air c.

In most practical applications the dielectric region is very thin (h� λ) and the fields
can be approximated by the quasistatic solution:

vp =
c

√
εeff,q

(2.24)

which is equal to (2.22).
The calculation of the effective permittivity requires a differentiation between the
superconducting and non superconducting case. The calculated values, that are used
within this work can be found in table 2.2.

Non-superconducting Microstrip Transmission Line

According to reference [21] the effective permittivity for a microstrip transmission
line is

εeff,q =
1
2

[
(εr + 1) + (εr − 1)

(√
1 + 12h/w

)−1
]

(2.25)

The effective dielectric constant can be interpreted as the dielectric constant of a
homogeneous medium that replaces both the air and the dielectric regions of the
microstrip. The characteristic impedance can be calculated to be

Z0 =
{

60/√εeff,q · ln (8h/w + w/(4h)) w/h ≤ 1
120π/√εeff,q · [w/h+ 1.393 + 0.667 ln(w/h+ 1.444)]−1 w/h > 1

(2.26)

Dispersion Relation

The dispersion properties have been studied theoretically, for example by references
[31] and [32]. Kobayashi [33] proposed a dispersion formula that promises an accu-
racy better than 0.6 percent in the range 0.1 < w/h ≤ 10, 1 < εeff,q ≤ 128. This
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2.2 Transmission Line Theory

accuracy was determined by comparing the calculated dispersion values εeff(f) with
a numerical model [34]. The expression for the frequency dependent permittivity is

εeff(f) = εr −
εr − εeff,q

1 + (f/f50)m

where

f50 =
fK,TM0

0.75 +
(

0.75− 0.332
ε1.73
r

)
w
h

fK,TM0 =
c tan−1

[
εr

√
εeff,q−1
εr−εeff,q

]
2πh
√
εr − εeff,q

m = m0mc

m0 = 1 +
1

1 +
√
w/h

+ 0.32

(
1

1 +
√
w/h

)3

mc =
{

1 + 1.4/(1 + w/h) [0.15− 0.235 exp (−0.45f/f50)] (w/h ≤ 0.7)
1 (w/h ≥ 0.7)

The frequency dependence of the effective permittivity is illustrated in figure 2.4.
These calculations are done with the permittivity of sapphire εr = 11.6 and the
height h = 525µm of the sapphire substrate.

Figure 2.4: The frequency dependence of εeff(f) for the electric permittivity εr = 11.9.

Since the effective permittivity does not change up to 10 GHz, according to figure
2.4, and the center frequency of the hybrid ring will be 6 GHz, it can be assumed
that the effective permittivity is constant.
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2 Theoretical Background for the Hybrid Ring

Superconducting Microstrip Transmission Line

The London penetration depth λL influences the inductance L of the microstrip
line . As shown in section 2.2.1, the characteristic impedance can be calculated as
Z0 =

√
L/C. Therefore Z0 depends on λ. In reference [35] W. H. Chang presents

an analytical formula for the inductance L and the capacitance C. The complete
solution is applicable for w/h > 1 and has been obtained by using a conformal
mapping technique.
In general, the inductance per unit length of a superconductor consists of two differ-
ent parts: the internal and external inductance. The external inductance represents
the contribution due to the external field while the internal inductance contains the
parts of the strip conductor and the ground plane.
The inductance L is obtained by evaluating the fluxoid of the strip line using the
integration path as shown in figure 2.5. The ansatz

Figure 2.5: Integration path to calculate the inductance L.

L =
1
I

1
∆z

∫
pqrsp

(A + µ0λ
2
LJ) dl

leads to

Lsc =
µ0

wK(w, h, ts)

[
h+ λL,s coth

(
ts
λL,s

)
+ λL,g coth

(
tg
λL,g

)]
(2.27)

where λL,s and λL,g are the respective penetration depths of the strip line and the
ground plane. In this diploma thesis, the superconducting ground plane consists of
the same material as the line λL,s = λL,g = λL. K(w, h, ts) is the so called fringe field
factor and is 3.8 for w = 420µm, h = 525µm and t = 200 nm. The whole calculation
of the fringe factor can be found in the appendix.
According to reference [35] the capacitance per unit length of a superconducting
strip line is given as

Csc =
εeff(f)ε0w

h
K(w, h, ts)

Values for the capacitance and the inductance are required to calculate the charac-
teristic impedance Z0,sc =

√
Lsc/Csc. Table 2.2 shows the characteristic impedances
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2.2 Transmission Line Theory

material w [µm] h [µm] ts [nm] εr εeff,q εeff(6 GHz) Z0 Z0,sc

Al2O3 490 500 200 10.6 7.23 7.27 47.5 42.6
Si 420 525 200 11.9 7.93 7.97 49.5 43.9

PTFE/ceramic 490 605 17500 10.2 6.86 6.89 52.9 50.4

Table 2.2: Calculated values of the characteristic impedance for a microstrip line with
niobium as conductor at 4 K.

for some dimensions that were used for the hybrid rings. The dimensions of the
fabricated hybrid rings were chosen to achieve Z0 ≈ 50.

2.2.3 Coplanar Waveguide

In 1969, C. P. Wen proposed the coplanar waveguide (CPW) [36]. The coplanar
waveguide promises lower losses than the microstrip. In contrast to the microstrip,
the coplanar waveguide has the center strip and the ground plane on the same side
of the substrate. The center strip with width w is separated from the ground lateral
planes by a gap g. The aspect ratio is defined as w/(w + 2g).
The dimensions of the center strip, the gap of the conductors, the thickness and
dielectric constant of the substrate have influence on the characteristic impedance
(Z0) and the effective dielectric constant (εeff,q).
CPWs have been analyzed theoretically and in experiments in the last years. An
overview of the different types of CPWs is given in reference [37]. The impedance is
also dependent on the London penetration depth, therefore it is useful to give expres-
sions for both the superconducting and non-superconducting case. Some calculated
values for the dimensions that were used within the experiments are given in table
2.3.

Non-superconducting Coplanar Waveguide

A coplanar waveguide, see figure 2.6, consists of a substrate, a conducting line and
the ground plane on the same side of the substrate. Similar to the microstrip, one
has to compute the effective permittivity and the characteristic impedance. The
general case is calculated in reference [37] or [38]. The formulas for the general case
are included in the appendix D.

Figure 2.6: Profile of a one-layered unshielded coplanar waveguide transmission line
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2 Theoretical Background for the Hybrid Ring

The effective permittivity is given as

εeff,q = 1 +
(ε1 − 1)

2
K(k1)
K(k′1)

K(k0)
K(k′0)

with the complete elliptic integrals of first kind K(x), where kj and k′j (j ∈ {0, 1, 2})
are defined as

k1 =
sinh

(
πw
4h

)
sinh

(
π
2h (w/2 + g)

) ,
k0 =

w

w + 2g

and
k′j =

√
1− k2

j .

The capacitance per unit length and the characteristic impedance are

C = 4ε0εeff,q
K(k0)
K(k′0)

, (2.28)

Z0 =
30π
√
εeff,q

K(k′0)
K(k0)

. (2.29)

Dispersion Relation

A formula for the effective capacitance versus the frequency has been derived by
Hasnain et al. in reference [39] and Yamashita et al. in reference [40]. The computed
expression is valid up to the terahertz regime and is given by

√
εeff(f) =

√
εeff,q +

√
ε1 −

√
εeff,q

1 + aF−1.8
. (2.30)

F is defined by F = f/fTE where fTE = c/(4h
√
ε1 − 1) is the cut-off frequency for

the lowest-order TE mode. The factor a is computed by the expression

log(a) = u log
(
w

g

)
+ v

where u and v depend on the substrate thickness h (see figure 2.6)

u ≈ 0.54− 0.64q + 0.015q2

v ≈ 0.43− 0.86q + 0.54q2

with q = log(w/h).
This dispersion relation behaves like shown in figure 2.7 with an accuracy within 5 %
compared to a computer simulation for the parameters 0.1 < w/g < 5, 0.1 < w/h <
5, 1.5 < ε1 < 50, 0 < f/fTE < 10.
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2.2 Transmission Line Theory

Figure 2.7: Frequency dependence of εeff(f) for the parameters w = 600µm, g = 290µm,
h = 500µm and εr = 11.9 that were used for the arms of two of the three
designed coplanar waveguide hybrid rings.

Superconducting Coplanar Waveguide

Rauch et al. [41] calculated the characteristic impedance of a superconducting copla-
nar waveguide. The inductance is the sum of an external inductance Lext, which is

Lext =
µ0

4
K(k′0)
K(k0)

(2.31)

and an internal inductance, which takes the superconductivity into account:

Lint = µ0λL
D

4AEK(k0)

(
1.7

sinh[t/(2λL)]
+

0.4√
[(B/A)2 − 1][1− (B/E)]2

)
(2.32)

with

A = − 1
π

+
1
2

√(
2t
π

)2

+ w2

B =
w2

2A

D = B − t

π
+

√(
t

π

)2

+ g2

E =
2t
π

+D.

The geometric parameters are the same as in figure 2.6. With (2.23) it is possible to
calculate Z0 by using the effective capacitance as it is given in (2.30). The impedances
values of silicon and sapphire show no difference between Z0 and Z0,sc up to the first
decimal place.
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2 Theoretical Background for the Hybrid Ring

material w [mm] g [mm] h [µm] ts [nm] ε εeff,q Z0 Z0,sc

Si 0.6 0.29 525 200 11.9 5.51 50.9 50.9
Al2O3 0.200 0.125 500 100 10.6 5.64 54.1 54.3

Table 2.3: Calculated εeff,q, Z0 and Z0,sc for a coplanar waveguide line with niobium as
conductor at 4 K. Z0 and Z0,sc do not differ significantly for each material.

2.2.4 Scattering Matrix

In general Voltages, currents and impedances are hard to measured in a direct man-
ner at microwave frequencies. A parameter that can be measured directly is the
transmission coefficient of an applied signal. This can be measured through a N -
port device by comparing the amplitude and the phase of the transmitted wave to
the values of the incident wave. The matrix describing this relationship is called
the scattering matrix. An incident wave is partly reflected and partly transmitted.
The reflected and transmitted waves can be demonstrated in the optical regime by
reflections and transmissions for a lens as shown in figure 2.8. In transmission line
the light beam is replaced by the microwave beam and the lens is replaced by the
device under test (DUT).

Figure 2.8: Representation of reflected and transmitted (a) lightwave and (b) microwave

Consider a N -port network like the one in figure 2.9. If a wave with an associated
equivalent voltage V +

k is incident on port k, a reflected wave V −k = SkkV
+
k is produced

in line k where Skk is the scattering coefficient. The wave can also be transmitted, or
reflected at other ports of the network with V −n = SnkV

+
k for n = 1, 2, ..., N , n 6= k

where Snk is a transmission coefficient from line k to line n.
This leads to 

V −1
V −2
. . .
V −N

 =


S11 S12 . . . S1N

S21 S22 . . . S2N

. . . . . . . . . . . .
SN1 SN2 . . . SNN



V +

1

V +
2

. . .
V +
N

 .
↔
S is the so called scattering matrix. A specific element of the S-matrix can be
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2.3 Design of a 180◦ Hybrid Ring

Figure 2.9: N -port network

determined as

Skl =
V −k
V +
l

∣∣∣∣
V +

j =0 for j 6=l

For practical application it is useful to calculate the S-parameters in decibel:

S[dB]kl = 20 · log10(|Skl|)

2.3 Design of a 180◦ Hybrid Ring

The 180◦ hybrid ring is a four port network where the ports are numbered clockwise
from one to four as shown in figure 2.10. At the center frequency f0 acts as a beam
splitter by emitting the constructive and destructive interference at ports two and
four of two applied signals at ports one and three.
The phase difference of a wave is θ = βU/6 = 2πβR/6 between ports one and two,
two and three and three and four where U = 2πR is the circumference of the ring.
β is the wave number that was defined in section 2.2.1. Between port one and four
there is a phase difference of 3θ. In the case of θ = π/2 the signal applied at port one
is evenly split into two components with the same amplitude, one wave travelling
clockwise and the other one counter clockwise around the ring. These two waves will
interfere constructively at ports two and four and destructively at port three. As a
consequence ports two and four are 3 dB coupled to port one, whereas port three is
isolated from port one. The phase shift of the waves at port four and two is 180◦.
By applying a signal through port three, this is split into two in-phase components
at ports two and four. Therefore, when applying two signals at port one and three,
constructive interference occurs at port two and destructive interference is formed
at port four.
Hybrid rings were designed in the major transmission line designs - the microstrip
(MS) and coplanar waveguide (CPW) design. The CPW design was chosen because
of the design of the high-Q line resonator. As mentioned in the introduction, the
qubit will be coupled with a resonator which will emit single microwave photons to
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2 Theoretical Background for the Hybrid Ring

Figure 2.10: Schematic of the 180◦ hybrid ring (a) general case with the axis of symmetry
E (b) case of θ = π/2.

the hybrid ring. One expects a better coupling of two CPW devices than of two
devices with different design and therefore less losses. Nevertheless, the MS hybrid
ring was also measured since the layout is simpler to calculate (see section 2.2.2
compared to 2.2.3) and promises better results.

2.3.1 S-parameters of the Hybrid Ring

The S-parameters of the hybrid ring can be derived by studying the symmetric
and antisymmetric cases of applied voltages. The symmetric and antisymmetric
excitation of the hybrid ring is in reference to the symmetry plane E as shown in
figure 2.10(a). Once having found the corresponding S-parameters, the superposition
of this solution directs to the full 4 × 4-S-matrix of the hybrid ring for the general
excitation.
Preconditions for the symmetric case are incident waves V +

a and V +
b at ports one

and two and incident waves V +
a and V +

b at ports four and three. This leads to the
solutions [

V −1
V −2

]
=
[
Soc

11 Soc
12

Soc
21 Soc

22

] [
V +
a

V +
b

]
and [

V −4
V −3

]
=
[
Soc

11 Soc
12

Soc
21 Soc

22

] [
V +
a

V +
b

]
.

Analogous the antisymmetric case when the incident wave at port four and three are
−V +

a and −V +
b . The solutions here are[

V −1
V −2

]
=
[
Ssc

11 Ssc
12

Ssc
21 Ssc

22

] [
V +
a

V +
b

]
and [

V −4
V −3

]
=
[
Ssc

11 Ssc
12

Ssc
21 Ssc

22

] [
−V +

a

−V +
b

]
.
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2.3 Design of a 180◦ Hybrid Ring

By superimposing the symmetric and antisymmetric waves, the S-matrices can be
written as[

V −1
V −2

]
=
[
Soc

11 + Ssc
11 Soc

12 + Ssc
12

Soc
21 + Ssc

21 soc
22 + Ssc

22

] [
V +
a

V +
b

]
=
[
S11 S12

S21 s22

] [
V +
a

V +
b

]
and [

V −4
V −3

]
=
[
Soc

11 − Ssc
11 Soc

12 − Ssc
12

Soc
21 − Ssc

21 soc
22 − Ssc

22

] [
V +
a

V +
b

]
=
[
S41 S42

S31 s32

] [
V +
a

V +
b

]
The other S-parameters are obtained by symmetry considerations: S11 = S44, S12 =
S43, S13 = S42, S22 = S33, and Skl = Slk. Thus, the four-port hybrid can be
characterized in terms of two sets of two-port scattering-matrix parameters which
ends in a 4× 4 scattering matrix.

↔
S=


S11 S12 S42 S41

S12 S22 S32 S42

S42 S32 S22 S12

S41 S42 S12 S11


The derivation for the two-port S-parameters can be found in [37], the results are

Soc
11 =

1
∆

[Y 2
a − Y 2

r +B1B2 − Yr(B1 +B2) cot(θ) + iYa(B2 −B1)]

Soc
12 = Soc

21 = −2iYaYr csc(θ)
∆

Soc
22 = Soc

11 +
2iYa(B1 −B2)

∆
with

∆ = Y 2
a −B1B2 + Y1r(B1 +B2) cot(θ) + Y 1

1 + iYa(B1 +B2 − 2Yr cot(θ))

B1 = −Yr tan
(

3θ
2

)
B2 = Yr tan

(
θ

2

)
.

Ya and Yr the reciprocal of the characteristic impedance of the arms Za and of the
ring Zr.
Ssc

11, Ssc
22 and Ssc

21 = Ssc
12 are obtained by replacing B1 by B3 = −Yr cot(3θ/2) and B2

by B4 = −Yr cot(θ/2).
The special case θ = π/2 leads to

S31 = S42 = 0
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2 Theoretical Background for the Hybrid Ring

Skk =
Y 2

a − 2Y 2
r

Y 2
a + 2Y 2

r

for k ∈ {1, 2, 3, 4}

S12 = S34 = −S41 = S32 = − 2iYaYr

Y 2
a + 2Y 2

r

.

As expected, at the center frequency ports one and three and ports two and four are
isolated. Ports two and four are coupled with port one but the output at port two
is 180◦ out of phase with the output at port four.
θ = π/2 leads to λ0 = Vp/β0 which leads to the center frequency f0 being

f0 =
vp

λ0
=
vpβ0

2π
=

6vpθ

2Dπ2
=

3vp

2Dπ

where D is the diameter of the hybrid ring and vp the phase velocity.
The matching of the ring impedance to the impedance of the arms of the hybrid
ring is done by choosing Y 2

a = 2Y 2
r or Zr =

√
2Za: the power entering the hybrid

ring at port one or three is equally divided into two components with a phase shift
of 180◦ at ports two and four. The matching of the hybrid ring to the environment
requires Za = 50 Ω. The Sij-parameter is measured by applying a signal at port j
and detecting the transmitted signal at port i. To avoid unwanted reflections at the
other two ports, these ports has to be terminated. Because the lines of the cables
and the arms of the hybrid rings are 50 Ω matched, 50 Ω resistances are used to
terminated and absorb the microwave signals at the unmeasured ports.
When the hybrid ring is 50 Ω matched, it is also called 3 dB directional coupler.
Then, at the center frequency the four-port scattering matrix simplifies to

↔
S=
−i√

2


0 1 0 −1
1 0 1 0
0 1 0 1
−1 0 1 0

 . (2.33)

For an arbitrary θ the S-parameters are functions of frequency as shown in figures
2.11 and 2.12.
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2.3 Design of a 180◦ Hybrid Ring

Figure 2.11: The S-parameters S11, S22 and S31 of a 180◦ hybrid ring in dB as a function
of frequency.

Figure 2.12: S21, S41 and S32 of a 180◦ hybrid ring in dB as a function of frequency.
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2 Theoretical Background for the Hybrid Ring

2.4 Design of the Microstrip Hybrid Ring

A. Emmert [24] covered CPW hybrid rings within his diploma thesis. These hybrid
rings did not behave as expected leading to the conclusion of designing MS hybrids.
The theory predicts the properties of the microwave being depending on the sub-
strate. Therefore MS hybrid rings on two different substrates with two different loss
tangents were fabricated and analyzed. The loss tangent of silicon is around 10 times
the loss tangent of sapphire.
The designs of the MS hybrid rings must be adapted to the different substrates with
respect to the different permittivities εr of silicon and sapphire. The parameters of
the different MS hybrid rings are listed in table 2.4. The dimensions are explained
in figure 2.13, where R = (Ri + Ra)/2 and wr = Ra − Ri, h being the thickness of
the substrate and ts the thickness of the microstrip line.

name MSH Nb MSH MSH Nb Si MSH Nb Si MSH Au MSH Cu
Al2O3 Nb Si 500 nm 1µm

substrate Al2O3 Si Si Si Si PTFE/ceramic
conducter Nb Nb Nb Nb Au Cu

εr 10.6 11.9 11.9 11.9 11.9 10.2
R [µm] 4780 4780 4780 4780 4780 4780
wa [µm] 490 420 420 420 420 490
wr [µm] 211 171 171 171 171 211
h [µm] 500 525 525 525 525 590
ts [nm] 200 200 500 1000 200 17500
Za [Ω] 47.5 49.5 49.5 49.5 49.5 52.9

Table 2.4: Parameters of the MS hybrids

Figure 2.13: Design of a MS hybrid ring

Concerning these parameters, there are some details to consider:

• The dimensions of the MS hybrids have been designed using the formulas in
section 2.2.2.
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2.5 Design of the Coplanar Waveguide Hybrid Ring

• The phase velocity, which leads to the diameter of the ring, can be calculated
with (2.24).

• The desired frequency f0 is 6 GHz, which leads to a mean radius of 4780µm.
This frequency is limited by the dimension of the substrate which is 20.4 mm× 15.0 mm
and the space the arms of the hybrid rings need. To reach smaller frequencies,
larger substrates are necessary.

• As mentioned in section 2.3.1, the lines of the hybrid ring are chosen to result in
Za = 50 Ω. This matching was calculated with the formulas (2.25) and (2.26).

2.5 Design of the Coplanar Waveguide Hybrid Ring

The transmission spectra of the CPW hybrid rings produced and measured in ref-
erence [24] showed additional peaks. To investigate these peaks, three other CPW
hybrid rings were designed lacking the inner ground plane (see figure 2.14).
The design of the CPW hybrid had to meet the same criteria as the MS hybrid
ring. Table 2.5 shows the parameters of the different hybrid rings measured within
this work1. Figure 2.14 explains the used parameters, h being the thickness of the
substrate and t the thickness of the centerstrip.

name CPW 1 CPW 2 H 3 AE H 3 EH
substrate Si Si Al2O3 Si

εr 11.9 11.9 10.6 11.9
R [mm] 4.2 4.2 3.825 3.825
wr [µm] 400 220 90 90
wa [µm] 600 600 200 200
gr [µm] 270 400 177 177
ga [µm] 290 290 125 125
h [µm] 525 525 500 525
t [nm] 200 200 100 200
Za [Ω] 50.9 50.9 52.5 52.2

Table 2.5: Parameters of the CPW hybrids

The main difference between H 3 AE and H 3 EH, CPW 1 and CPW 2 is the area
of the ground plane. While H 3 has ring shaped ground planes inside and outside
the ring, the inner ground plane is missing on H 3 EH. The ground planes of the
CPW 1 and CPW 2 are spread over the whole substrate outside the ring and are
missing inside the ring (see figure 2.14). The inner ground plane of H 3 AE had to
be connected with the outer ones via bonding wires. These bonding wires include

1The H 3 hybrid ring on Al2O3 was designed and measured by A. Emmert within his diploma
thesis: A. Emmert, Circuit-Quantum Electrodynamics with Superconducting Flux Qubits, 2006
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2 Theoretical Background for the Hybrid Ring

Figure 2.14: Layout of (a) the H 3 AE CPW hybrid ring, (b) the H 3 EH hybrid ring. The
difference is the missing inner ground plane. (c) Shows a schematic layout of
the CPW 1 and CPW 2 hybrid rings

reactive capacitances and inductances that influence the performance of the hybrid
ring. To analyze this influence, H 3 EH was designed without the inner ground
plane. Since the width of the lines and the gaps remained unchanged, the matching
Za =

√
2Zr was not valid anymore. To ensure this matching, CPW 1 was designed

by using formulas for asymmetrical ground planes so that the inner ground plane
could be eliminated without influencing the impedances. The design of CPW 2 was
copied from reference [42].
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3 Sample Fabrication and Experimental
Setup

The microstrip (MS) and coplanar waveguide (CPW) hybrid rings were fabricated
using optical lithography. The process parameters were adapted to the different
materials. This section gives an overview of the lithography process whereas details
of the steps can be found in appendix E. Section

3.1 Sample Fabrication

The samples were fabricated on silicon substrates (15.0 mm × 20.4 mm × 525µm)
with an oxide layer (50 nm) or on sapphire substrates (15.0 mm× 20.4 mm× 500µm).
The copper hybrid ring was produced on RO3010 dielectric from Rogers Corporation1

(15 mm ×20 mm × 590µm) which was coated with a 17.5µm thick copper layer on
each side.
The fabrication processes for niobium or gold on silicon or on sapphire are similar
while the production of the MSH Cu sample differs strongly. An overview of the
different production steps is given in this chapter while the process parameters and
details of the fabrication can be found in appendix E.
After an initial cleaning of the substrate, the conducting material was sputtered onto
the polished side of the sample. Niobium was sputtered directly onto the substrate.
To achieve a better adhesion of gold on the substrate, a thin layer (3 nm) of chromium
was sputtered first. Then, the 200 nm thick gold layer was applied in situ.

Optical Lithography

After cleaning, the AZ c© 5214E image reversal photoresist was spin coated with
8000 rpm to a thickness of less than 1.14µm and baked (soft bake) at 110◦C for 70 s.
The high rotation speed was chosen to minimize the so-called edge wall (see figure
3.1). This edge wall prevents a good contact of the mask with the structures and the
photoresist, which reduces the resolution of the pattern. To remove the edge wall,
the sample was exposed for a comparably long time (15 s) with a special pattern
(see figure 3.2(a)). The long exposure time was necessary in order to make sure that
the edge wall would be completely removed. The edge wall was eliminated after
one minute of developing (see figure 3.2(b)). A crucial step was the cleaning of the
sample. The sample was first cleaned in a glass with water and dried with nitrogen

1Rogers Corporation: http://www.rogerscorporation.com/ (2007)
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3 Sample Fabrication and Experimental Setup

Figure 3.1: Cross section of the substrate with photoresist

Figure 3.2: (a) Substrate with edge wall and mask. The gap between the photoresist and
the structure on mask in the middle of the sample leads to a declining focus
of the structure on the sample. The removing of the edge wall results in a
smoother photoresist (b).

gas. Any remaining water drops would influence the exposure with the hybrid ring
structure.
The optimum exposure and development parameters were found in a dose series.
The optimal exposure time is 4 s and development time 2 min.
The exposure and development times of the copper sample were chosen to be 19 s
and one minute. The size of the manual cut sample did not allow an additional edge
wall removing. Thus, the comparably long exposure and development times were
necessary to remove the photoresist with the edge wall at once.

Etching

During the etching process, the excessive conductor, uncovered with photoresist, was
removed.
Niobium was etched in a SF6 −Ar atmosphere which was done in a Plasmalab 80 Plus
of Oxford Instruments Incorporated. Therefore, the substrate was placed inside a
reactor in which SF6 −Ar was kindled. A plasma was placed in the gas mixture using
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a RF power source, splitting the gas molecules into ions. The ions were accelerated
by the RF power and SF6 could react with the niobium. To achieve better etching
results, the RF power was high enough to accelerate the ions to a critical speed that
allowed the ions to knock atoms out of the material. This way of etching is called
physical reactive ion etching2. A test series of different etching durations showed the
best results for a duration of 2:10 min for 200 nm niobium.
Gold was etched in an argon ion etching system but the process was similar to the
etching of niobium. Here the reactive component was missing but a higher RF power
forced the Ar-ions to knock out the gold atoms. The minimum removal time was six
minutes, but to ensure good quality, the sample was etched for ten minutes.
The conditioning of copper differed completely from the other etching methods.
Copper was not etched in a dry etching process like niobium and gold but in a KI-I2

solution. Before etching the copper sample, it was necessary to protect its ground
plane with resist. This process took around 6 min.
In a final step, the rest of the resist could be ashed with an oxygen plasma (ashing)
and removed in hot acetone.

3.2 Sample Preparation

Figure 3.3 shows the box of oxygen free copper with a 3µm thick gold coating that
was used for the measurements. The structures were inserted in this box and con-
nected with SMA connectors (32K724-600S3, panel jack) from Rosenberger Hochfre-
quenztechnik GmbH & Co. KG3.

Figure 3.3: (a) Box and (b)top cover after their production; (c) Box with Rosenberger
connectors and hybrid ring

There are three different methods that can be used to contact the structure with the
SMA connectors including

• Silver glue:
Silver glue is a paste consisting of silver powder, resin and solvent. A drop of

2In comparison with the physical etching, there is also the so-called chemical etching. This etching
is performed with a lower RF power but with a higher ion density which leads to less power of
the ions. Thus, the ions cannot knock out any niobium atoms.

3Rosenberger Hochfrequenztechnik GmbH & Co. KG, http://www.rosenberger.de/ (2007)
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3 Sample Fabrication and Experimental Setup

silver glue (Leitsilber 200) from Hans Wolbring GmbH4 was trickled on top of
the connector. The liquid silver glue spread out between the connector and the
superconducting line as shown in figure 3.4(a). This way of contacting is very
simple compared to the alternative methods. On the other hand, the silver
glue is very fragile and the measured results are hard to reproduce in exactly
the same way as some measurements like 4.10 and 4.13 will show.

• Bonding wires:
The structure and the connectors were contacted with aluminum bonding wires
(see figure 3.4(b)). The measurements (see figure 4.20) show that this way of
contacting is less ideal than the use of silver glue because the wires provide a
reactive inductance. Using contacts with bonding wires is better for reproduc-
tion than the silver glued or the soldered contacts.

• Soldering:
Two samples were contacted by soldering - a niobium and a copper hybrid
ring. Since niobium is hard to solder, an additional sample with a thin gold
layer on the line at the contacts was fabricated. The solder was indium with
3 % silver. The copper sample could be connected with standard solder (tin
(62 %), lead (36 %) and silver (2 %)). The procedure requires patience and a
calm hand and is not very reproducible.

Figure 3.4: Contact with (a) silver glue (b) bonding wires (c) solder between connector
with strip line

The ground plane of the CPW hybrid rings had to be connected with the box. This
was done by smearing silver glue between the inner walls of the sample holder box
and the ground planes of the CPW structures.
As mentioned before, the H3 structure was measured within another diploma thesis.
The way of joining the line with the connectors and the ground plane with the box
is described in reference [24]. The inner and outer ground planes were connected via
bonded airbridges.

4Hans Wolbring GmbH, http://www.keramikbedarf.de/ (2007)
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3.3 Experimental Setup

The box with the structures was placed inside a cryostat and connected via home
made semi-rigid microwave coaxial cables to a HP8722D network vector analyzer
(NVA). The measurement setup is shown schematically in figure 3.5. This setup
allows measurements between room temperature and 1.5 K.

Figure 3.5: Measurement scheme: The S-parameters were measured using a HP8722D
NVA which was controlled and readout by a LabView programm. The tem-
perature was recorded by using a NEOCERA LTC-21 temperature controller
and a silicon diode. The silicon diode was close to the box with the sample.

The 50 Ω terminations from Huber & Suhner guaranteed a well defined signal at the
output port as mentioned in section 2.3.1.
The cables inside the cryostat were fabricated at the WMI. At the end of each cable
(semi-rigid: UT-085-SS-SS from MICRO-COAX c©5) the SMA male RF coaxial cable
connectors (SMA-50-2-15 from Huber & Suhner) were soldered before the cables
were bent (see figure 3.6) and inserted into the cryostat. The length of each cable
is approximately 1 m. The attenuation is shown in figure 3.7 and is similar for
all four cables. This measurement was performed with two different values for the
input power to analyze the power dependence of the attenuation. It shows that the
difference of the two measurements is small. By using power dependent calibration
data, this influence can be reduced. Measurements of hybrid rings at different values
of the input power will later show the influence of the power being negligible at low
temperatures.

5MICRO-COAX c©, http://www.micro-coax.com
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3 Sample Fabrication and Experimental Setup

Figure 3.6: Two of the four used semi rigid coaxial cables. The length of each cable is
approximate 1 m.

Figure 3.7: Power and frequency dependent attenuation of the semi-rigid coax cables that
are used inside the cryostat. The data was averaged of 50 traces at the -40 dBm
measurement and of 20 traces at the -20 dBm measurement.

A short description of the NVA is given in reference [21] and a more detailed descrip-
tion can be found in references [43] and [44]. The NVA records a maximum of 1601
different frequency values during one frequency sweep. The frequency range for the
measurements in this thesis was chosen to be from 50 MHz to 18 GHz.
Before measuring the S-parameters it is necessary to perform a response calibration.
For this purpose, two of the cables were connected with SMA female-female adapter
from Huber & Suhner6 inside the cryostat and the transmission data was measured
at room temperature and at 4.2 K. The difference between the measurements at
4.2 K and 1.5 K is negligible. This was done for each possible combination of the
four cables inside the cryostat. The calibration data was saved and subtracted from
the measurement data. In the end the information contained by the data excluded
every information about the cables and the NVA. The subtraction was applicable

6Huber & Suhner, http://www.hubersuhner.de
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because the data was measured in a logarithmic scala.
The temperature dependency of the calibration data can be seen in figure 3.8. The
detected signals show the behavior of the NVA and the cables in a frequency range
from 50 MHz to 18 GHz. The explanation for the temperature and frequency depen-
dency on the calibration data is linked to the attenuation and the noise in the cables.
At low temperatures the attenuation is lower than at higher temperatures. The at-
tenuation is lower for low frequencies than for high frequencies as well. This can be
explained by the drude model (see [45]) where conductively depends on frequency.

Figure 3.8: The calibration data for S41 at room temperature and 4.2 K. This calibration
data was subtracted from the measurement data to exclude the behavior of the
cables and the NVA.

The adapters have a different electrical length than the box holding the sample. The
difference of the electrical length results in a difference of the reflection ratio between
the adapter and the box with the sample, hence there is a small systematic error in
the response calibration. This one can not be corrected. It only influences phase
measurements which were not performed within this work. In the end this error did
not influence the accuracy of the measurements.
The error due to the attenuation of the adapter is small and was neglected (the
attenuation of the used Rosenberger connectors compensate it quite well).
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4 Measurements of the Hybrid Rings

This chapter shows the results of measurements of the S-parameters of the fabricated
hybrid rings. The MS hybrid rings were analyzed due to different line thicknesses
of the center strip, superconducting and non-superconducting ground planes and
different kinds of contacts between center strip and Rosenberger connectors and
different conducting materials. The different materials of the hybrid ring allow to
investigate the influence of fluxoid quantization on the hybrid ring. Asymmetrical
CPW hybrid rings were measured to be compared to symmetrical CPW hybrid rings
from a former work.
For a correct interpretation of the measured results of the different hybrid rings, it
is useful to give some information about the different measurement parameters and
techniques:

Termination

The hybrid ring is a four port device and characterized by the transmission of an
applied signal at one port to the other ports. This transmission is measurable by
applying a signal at one port, measuring the output at a second port and terminating
the last two ports.
In general, there are two different ways to terminate the ports that are not measured
- in and outside of the cryostat (see figure 4.1). These 50 Ω terminations absorb
the microwave signal coming out of the ports that are not measured, e. g. when
measuring S31, ports two and four are terminated. Thus, ideally no reflections at
these ports could influence the S31-parameter. Any reflections that occur at these
ports are due to the quality of the connection between the center strip line and the
Rosenberger connector.
The comparison of a measured S31-parameters with different termination methods
is shown in figure 4.2. The measured hybrid ring was MSH Nb Al2O3 with silver
glue as ground plane and silver glue for the contacts between the connectors and the
line. Both S31-spectra were recorded at 4.2 K with an input power of -40 dBm and
50 traces have been averaged in both measurements. This data does not agree with
theory (see figure 2.11) because of a ”hump” and a resulting frequency shift, which
will be analyzed later.
The termination outside the cryostat has the great advantage of measuring all S-
parameters during one cool down whereas the termination inside the cryostat is
less noisy. The high noise level for the ”outside” measurement is associated with
two extra reflections at the ports of the cryostat that were not considered when
taking the calibration data. The calibration data was taken for two cables but the
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4 Measurements of the Hybrid Rings

Figure 4.1: (a) termination inside the cryostat; (b) termination outside the cryostat

Figure 4.2: Comparison of two different ways of termination

measurement involved four cables. Thus, the reflections of two additional transitions
between the two cables and the 50 Ω resistances, as shown in figure 4.1, were not
taken into account in the calibration.
For a quick estimate of the performance of the hybrid ring the ”outside” measure-
ments was used, whereas for a more detailed look at the transmission spectra the
”inside” measurement is preferred. According to figure 4.2 the magnitude of the
isolation of the ”outside” measurement is -36 dB while the one of the ”inside” mea-
surement technique shows a result of -44 dB.
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Power

The measurements of the S-parameters were performed at two different power levels:
-40 dBm and -20 dBm. As one can see in figure 4.3, the main difference between these
two power values is the noise level. For this graph the MSH Cu sample was measured
with the 50 Ω terminations inside the cryostat as shown in figure 4.1(a)

Figure 4.3: Comparison of two input power values: -40 dBm and -20 dBm at 4.2 K (S31 of
MSH Cu with silver glue for contacting the line with the connectors)

The graph taken with an input power of -40 dBm is very noisy compared to the graph
with input power -20 dBm. The advantage of averaging over 50 traces can be seen
by comparing the two -40 dBm graphs in figure 4.3. In contrast, the measurements
with an input power of -20 dBm show a good agreement between the averaged data
and the non averaged data. This in consistent with an increasing signal to noise
ratio for higher input powers.
Comparing the averaged data taken at -40 dBm input and the data taken at -20 dBm
input leads to the conclusion that the performance of the hybrid ring is independent
of the input power in the range of -20 dBm to -40 dBm.

Resonance

Every measurement, except the CPW H 3 sample, shows a resonance at around
11 GHz. This resonance can be identified with a standing wave in the measurement
box in liquid helium. The dielectric constant of liquid helium is 1.05 which leads to a
phase velocity vp = 2.92× 108 m/s. The volume of the box filled with liquid helium
is 20.6 mm× 15.2 mm× 2.8 mm which corresponds to a volume diagonal of 25.8 mm.
With f = vp/λ one gets the resonance frequency 11.3 GHz which fits quite well to
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4 Measurements of the Hybrid Rings

the observed 11 GHz. As the derivation shows the resonance frequency depends on
the volume diagonal. The inner dimensions of the box are 0.2 mm larger than the
sample dimensions. According to the exact position of the sample in the box, the
volume diagonal and thus, the resonance frequency can shift about a few MHz (see
figure 4.4).

Figure 4.4: Sketch of the sample in the box. The length of the volume diagonal depends
on the exact position of the sample in the box.

Figure 4.6 shows a frequency shift of the box resonance between 2.4 K and 31 K. This
frequency shift is due to the change of the dielectric constant at the phase transition
of helium.
The CPW H 3 sample was measured in another box. This box has inner dimensions
of 20.5 mm× 16.0 mm× 5.0 mm which also leads to a resonance frequency of around
11 GHz. Because the spectrum of the H 3 sample shows some irregular peaks, the
peak due to the box resonance cannot be identified. More details about this box can
be found in reference [24].

Temperature Dependence

The different materials, niobium, gold and copper, show different temperature de-
pendencies of the isolation spectrum. As shown in figure 3.8 the attenuation of the
cables decreases with decreasing temperature. Figures 4.5, 4.6 and 4.7 present the
temperature dependencies of the S31-parameters of niobium, gold and copper.
All measurements were performed with an input power of -20 dBm and a termination
inside the cryostat.
The spectra of the MSH Nb Si sample shown in figure 4.5 show a characteristic change
of the S-parameter between 9 K and 10 K. This is linked to the critical temperature
Tc which is 9.25 K for niobium. At this temperature the niobium changes from a
superconductor to a normal conductor with a finite resistivity.
For temperatures between 30 K and 40 K, the isolation dip broadens until the S31-
parameter is not visible anymore. This effect can also be seen in the MSH Au
measurement as shown in figure 4.6. The smearing is due to the thickness of the
conductor which is 200 nm for both niobium and gold on silicon. The copper on
PTFE/ceramic is 17µm thick and therefore the isolation dip is still visible at room
temperature.
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Figure 4.5: Temperature dependence of MSH Nb Si (input power -20 dBm, termination
inside the cryostat, not averaged). A clear change of the isolation spectrum
between 9 K and 10 K is due to the transition from the superconducting to the
normal conducting state.

MSH Cu shows a shift of the isolation dip to higher frequencies with increasing
temperature (see figure 4.7). This feature could not be observed with the other
samples because the shift is identifiable only for temperatures above 100 K. The
frequency shifts is due to the temperature dependence of the resistivity of copper.
It increases with temperature which leads to a change of the phase velocity. This
results in a shifted center frequency.
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Figure 4.6: Temperature dependence of MSH Au (input power -20 dBm, termination inside
the cryostat, not averaged)

Figure 4.7: Temperature dependence of the isolation spectrum of MSH Cu (input power
-20 dBm, termination inside the cryostat, not averaged). The shift of the iso-
lation frequency with increasing temperature is due to the temperature depen-
dence of the resistivity.
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4.1 Microstrip Hybrid Ring

The following section shows the results of the fabricated and measured MS hybrid
rings. All measurements were performed at 4.2 K.

4.1.1 Niobium on Sapphire and Silicon

Two MSH designs were developed to optimize the characteristic impedance with
respect to the different permittivities of silicon and sapphire (see figure 4.8). Since

Figure 4.8: Picture of (a) MSH Nb Si; (b) MSH Nb Al2O3

the dielectric losses in sapphire are smaller than in silicon due to the lower loss
tangent, the MSH Al2O3 sample was expected to show better results. Figures 4.9
and 4.10 show the measured data for MSH Nb Si and MSH Nb Al2O3.
Both measurements were performed at 4.2 K. A drop of silver glue holds the sample in
the box. Silver glue was also used to connect the conductive lines to the connectors.
The noise level in the graphs in figures 4.9 and 4.10 is high because the data was not
averaged, the terminations were outside the cryostat and the input power value was
-40 dB.
Both measurements show similar results. Although being expected, the better iso-
lation due to the smaller loss in sapphire could not be confirmed. The anisotropy
of the loss tangent of sapphire might be a possible reason. According to reference
[46] the loss tangent parallel to the crystal axis of sapphire is around one magnitude
smaller than the loss tangent perpendicular to the crystal axis. Reference [47] and
[48] predict the averaged loss tangent of sapphire being ten times smaller than the
one of silicon at room temperature. Values valid for low temperatures could not be
found. Since the hybrid ring is a circular device one has to consider all directions of
the (two-dimensional) substrate and not only in the preferred direction.
The measurements in figures 4.9 and 4.10 agree very well with the theory. The iso-
lation dips reach a magnitude of around -40 dB. Since the terminations are outside
the cryostat, the magnitudes are expect to be around 10 dB smaller than these mea-
surements show. The coupling parameters of the silicon sample in figure 4.9 reach
a magnitude of -3 dB at the center frequency 6 GHz up to 0.5 dB. The coupling pa-
rameters of the sapphire sample in figure 4.10 are in better agreement with theory
than the coupling parameters of MSH Nb Si.
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4 Measurements of the Hybrid Rings

These hybrid rings meet the conditions the microwave beam splitter has to fulfill
and can therefore be used for the homodyne detection of weak microwave signals.
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Figure 4.9: Measurements of MSH Nb Si at 4.2 K (not averaged, input power -40 dBm,
termination outside the cryostat)
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Figure 4.10: Measurements of MSH Nb Al2O3 at 4.2 K (not averaged, input power -
40 dBm, termination outside the cryostat)
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4.1.2 Gold on Silicon

The gold hybrid ring on silicon (MSH Au) was fabricated to investigate the influence
of the fluxoid quantization on the hybrid ring.
The measured S-parameters of the MSH Au sample are shown in figure 4.11.
Measurements of the S31-parameter and S32-parameter agree very well with theory
while the other spectra differ from the theoretical calculations. A possible expla-
nation is to assume a mismatch between the characteristic impedances of the ring
and the arms of the hybrid ring. The measured 4 dB coupling leads to a matching
of Zr = 2.2Za instead of Zr =

√
2Za. This mismatch of the lines would result in

a difference of the line widths of around 100µm which cannot be caused by the
fabrication process.
The isolation of the measurement in figure 4.11(a) with a magnitude of -66 dB has
been the best detected isolation so far.
In comparison to the measurements on the niobium hybrid ring, the center frequency
for MSH Au is around 6.4 GHz. The reason for this frequency shift is another phase
velocity of the microwave due to the different conducting material.

4.1.3 Copper on Teflon/Ceramic

For technical reasons, the gold sample could not be fabricated with a larger film
thickness at the WMI. MSH Cu has a line thickness of 17.5µm.
Figure 4.12 shows the results of the MSH Cu sample. The data was taken with an
input power of -40 dBm and was averaged over 50 traces. The 50 Ω-terminations
were fixed inside the cryostat. This data is in accordance with theory.
The isolation and coupling parameters meet the theory for a center frequency of
5.7 GHz. Since the design was calculated to fabricate the hybrid ring of niobium on
silicon and not copper on teflon/ceramic, the frequency shift was expected.
In contrast to MSH Au, the coupling parameters of the copper hybrid ring are -3 dB
at the center frequency. The isolation with a magnitude of -50 dB is similar to the
isolation of the niobium samples when keeping in mind that the niobium samples
were measured with the terminations outside the cryostat.
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Figure 4.11: Measurements of MSH Au at 4.2 K: S41, S32, S21 (50 traces averaged, input
power -40 dBm, termination inside the cryostat) and S31 (30 traces averaged,
input power -20 dBm, termination inside the cryostat). The isolation in (a)
has been the best detected isolation so far.
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Figure 4.12: Measurements of MSH Cu at 4.2 K (50 traces averaged, input power -40 dBm,
termination inside the cryostat)
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4.1.4 Reproducibility

The measurements of the niobium hybrid rings on silicon and sapphire have been
repeated after dismounting and reinstalling the samples into the box. This time
port two and port four were terminated inside the cryostat. The value of the in-
put power value remained at -40 dBm and the traces were averaged 50 times. The
S31-measurements of MSH Nb Al2O3 exhibit a clear hump close to the center fre-
quency with a resulting frequency shift of the isolation dip (see figure 4.13). In the
measurement of the silicon sample, the hump is smaller but still visible.

Figure 4.13: Repeated measurement of MSH Nb Si and MSH Nb Al2O3 at 4.2 K (average
of 50 traces, input power -40 dBm, termination inside). These measurements
show a hump and do not confirm the measurements of figures 4.9 and 4.10

This frequency shift of the isolation dip is independent of the termination as both
graphs in figure 4.2 show a hump and the same frequency shift.
In summary these measurements show that the frequency shift is independent of
the substrate. The origin of the frequency shift is analyzed in more detail in the
following.
The first measurements of MSH Au and MSH Cu show no hump and correlated
frequency shift. However, the gold and copper samples were also measured a second
time. This reference measurements showed a hump as well as a frequency shift
under the same experimental conditions (see figure 4.14). The origin of the hump is
independent of the conducting material.
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Figure 4.14: Repeated measurement of MSH Cu and MSH Au at 4.2 K (averaged over 50
traces, input power -40 dBm, termination inside). Both isolation spectra show
a hump with a correlated frequency shift.

4.1.5 Line Thicknesses

To explore the dependence of the frequency shift on the line thicknesses, the MSH Nb
Si sample was fabricated with three different line thicknesses - 200 nm, 500 nm and
1000 nm (see chapter 2.4). The results are shown in figure 4.15. All the measurements
were performed with an input power of -40 dBm and the graphs were averaged of 50
traces. The terminations were inside the cryostat.
The three measurements show a small but still visible hump. Thus, the hump is
independent of the thickness of the conducting line.
On closer examination the isolation dip seems to move to higher frequencies with
increasing line thicknesses but this assumption has to be analyzed in detail. Three
measurements with three small humps and three related small frequency shifts are
no prove for this statement.
The influence of different ground plane materials on the hump are discussed next.

4.1.6 Ground Planes

In the following, measurements are discussed to check if the origin of the hump might
be related to the use of different materials for the ground plane or the way of fixing
the sample in the box. Therefore, a 200 nm niobium ground plane was sputtered on
the back side of the Al2O3 sample to get a superconducting (sc) ground plane. This

49



4 Measurements of the Hybrid Rings

Figure 4.15: Measurements of MSH Nb Si, MSH Nb Si 500 nm and MSH Nb Si 1µm at
4.2 K (input power -40 dBm, termination inside the cryostat, averaged of 50
traces).

sample was glued with a little bit of silver glue (SG) at all four edges into the box.
A second sample without a superconducting ground plane was glued with a drop of
SG inside the box, such that the SG acted as ground plane. A third measurement
was performed by using a dielectric resin called VGE-70311 (GE) to fix the sample
into the measurement box. This time the 3µm thick gold layer of the box is the
ground plane.
Figure 4.16 shows the results of the different measurements. Every measurement was
performed with termination inside the cryostat and input power -40 dB. 50 traces
were averaged. The ground plane influences the isolation of the hybrid rings in an
unpredictable manner. However, the origin of the hump could not be related to the
presence of a superconducting ground plane or to the different variations of gluing
the hybrid ring into the box.
In figure 4.17 the data of two measurements with the same sample and the same
superconducting ground plane are shown. For both measurements silver glue was
used for the contact between the connectors and the microstrip line. This data
shows the hump, the correlated frequency shift and the direction of the frequency
shift being independent of the ground plane, the substrate, the conducting line, the
box and the measurement setup because these parameters were constant for both
measurements.

1http://www.lakeshore.com/temp/acc/am varnishpo.html (2008)
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Figure 4.16: Measurements of MSH Nb Al2O3 with different ground planes (SG, supercon-
ducting niobium and gold) at 4.2 K (input power -40 dBm, termination inside
the cryostat, 50 traces averaged)

This measurement led to another possible reason for the frequency shift: the type
and quality of the connection between the connectors and the line.

51



4 Measurements of the Hybrid Rings

Figure 4.17: Measurements of the same sample that was remounted into the box. Both
measurements were performed at 4.2 K (input power -40 dBm, termination
inside the cryostat, 50 traces averaged)
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4.1.7 Contacting

Usually, the SMA connectors were contacted via silver glue to the strip line of the
hybrid ring. To check whether the origin of the hump can be related to the type of
contact, different connections were realized via air bonds, soldering or with indium.
Before each measurement, the DC resistance between the various ports was mea-
sured. A lower resistance indicates a higher quality of the connection and a higher
quality of the isolation as figure 4.18 shows. This figure shows the data of the MSH
Nb Al2O3 sample at 4.2 K with an input power of -40 dBm, an averaging of 50 traces
and the termination inside the cryostat. The DC resistance for the low quality mea-
surement are around twice the DC resistance of the high quality measurement where
the DC resistances are around 50 Ω. The same figure also shows the data where
indium was used for contacting the line with the connectors.

Figure 4.18: Different contacts of MSH Nb Al2O3 at 4.2 K (input power -40 dBm, termi-
nation inside the cryostat, 50 traces averaged). The indium contacts with the
lowest quality have the worst isolation, while with increasing contact qual-
ity the isolation increases. The DC resistance of the low quality silver glue
contact measurement is around twice of the high quality one.

For one measurement, a sample was contacted with indium which is a very soft
metal. Thus, it is possible to squeeze the indium between line and connector. The
results of the isolation measurement show that the indium contact is possible but
the quality is comparably low.
Since niobium is very difficult to solder, a sample was created with an extra thin
gold layer on the contacts (see figure 4.19). This sample was soldered with an
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Figure 4.19: MSH Nb Si with an additional gold layer on the arms for soldering

alloy of indium (93 %) and silver (3 %). The temperature for soldering was around
300◦C. Other solders were also tried but either the flux of the industrial fabricated
ones destroyed the gold layer or solders for lower temperature did not stick to the
Rosenberger connectors that are made out of copper-beryllium. The dimensions of
the hybrid ring and the connectors require a highly accurate soldering. The gold
layer improves the possibility to solder but it is still very difficult. The technique of
soldering contacts of micrometer size is not fully developed at the WMI yet. Figure
4.20 shows the result of this measurement.

Figure 4.20: Different contacts of line with connector at 4.2 K: silver glue contact, bonded
contact of MSH Nb Si and soldered contact of HSM Si with an extra gold layer
(input power -20 dBm, termination inside the cryostat, 20 traces averaged)

MSH Cu could be soldered with an industrial fabricated solder: tin (62 %), lead
(36 %) and silver (2 %). The measurement results (see figure 4.21) show that solder-
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ing is almost as good as SG contacts but much more difficult. Therefore, soldered
contacts have a lower quality than contacts with silver glue.

Figure 4.21: Different contacts of MSH Cu at 4.2 K: silver glue contact compared with sol-
der contact (input power -20 dBm, termination inside the cryostat, 20 traces
averaged)

Figure 4.20 shows that the measurements with the bonding wires lead to even worse
results. A spurious resonance around 8.7 GHz joined the still present hump and
frequency shift. The origin of this resonance might be related to the reactive induc-
tances and capacitances of the bonding wires in series with the hybrid ring.
The presented measurements lead to a dependence of the frequency shift on the
quality of the contacts. Figure 4.22 gives an impression how sensitive the contacts
are. Since the spectra of the MSH Cu hybrid ring are visible at room temperature
it was possible to measure changes of the connection between the signal line and
the connectors. For this measurement, the input power was -20 dBm and the graph
was averaged with 5 traces. The 50 Ω terminations were mounted directly on the
box. While measuring the S31-parameter, a smooth stress was imposed upon the
connectors by a toothpick. Starting at port three, which was the input port, stress
was imposed vertically on the connector’s pin. In figure 4.22, one can see that the
course of the isolation spectrum changed. After the pin relaxed, the isolation spectra
looked similar to the initial measurement. A re-applying showed the irreproducibility
of the experiment. The curve in figure 4.22 shows the isolation spectrum when
applying stress a second time on port three differs from the graph that was measured
when applying stress for the first time on that port. Imposing stress on port four
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4 Measurements of the Hybrid Rings

Figure 4.22: Imposing pressure on the contacts at room temperature (5 traces averaged,
input power -20 dBm). The arrow indicates the chronological order.

that was a terminated coupling port resulted in a perfect isolation of the hybrid ring
that stayed unchanged after removing the stress.
In the end the SG of the connection at port four was in crumbs. These measurements
lead to the conclusion that the behavior of the S31-parameter is highly sensitive to
the kind and quality of the connection between the strip line and the port and in
particular to the quality of the connection between the line and the terminated ports.
This behavior could also be seen in other experiments where one of the Rosenberger
connectors was not pulled tight. Sometimes when pulling tight the cables of the
cryostat or the 50 Ω termination at the connector, this connector was rotated and the
result was a broken silver glue at this port. Figure 4.23 shows such a measurement.
In this case a DC connection could be measured at low temperatures which excludes
an completely broken connection between the line and the connector. After warming
up, the connections were investigated under an optical microscope: three out of four
connections showed capillary cracks. This again shows that the hybrid characteristics
depend sensitively on possible reflections at the contacts.
The transition between the different materials excites reflections that are influenc-
ing the isolation. These reflections depend on the materials. A transition from a
superconductor to a normal conductor leads to more reflections than from normal
to normal conductor. This hypothesis is supported by the temperature dependence
of MSH Nb Si in figure 4.5. The superconducting hybrid ring shows more additional
features of the isolation spectrum than the non superconducting one at 10 K.
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4.1 Microstrip Hybrid Ring

Figure 4.23: Measurement of MSH Nb Si with superconducting ground plane (20 traces
averaged, input power -20 dBm, termination inside the cryostat)
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4.2 Measurements on CPW Hybrid Rings

Basic transmission line theory does not distinguish between CPW and MS hybrid
rings. However, CPW geometries are in general more difficult to fabricate and as
the following measurements will show, the transmission spectra of the CPW hybrid
rings differ from the transmission spectra of the MS hybrid rings.

4.2.1 H 3: With and Without Inner Ground Plane

The H 3 AE hybrid ring was designed and measured by Andreas Emmert within his
diploma thesis [24]. There, the measured transmission spectra showed additional
peaks. The origin of these peaks can be related to the bonding wires that were
used to contact the inner ground plane to the outer ground planes. To analyze this
hypothesis, the H 3 EH was designed having exactly the same dimensions as the H 3
AE except the missing inner ground plane ring.
H 3 AE was fabricated on sapphire and measured with an input power of -10 dBm.
The terminations were inside the cryostat. To characterize the additional peaks, H 3
EH was manufactured on silicon and measured. The value of the input power was
-20 dBm and the terminations were also mounted directly onto the box as in the
measurement of H 3 AE. In both cases, the data were not averaged. Figures 4.24
and 4.25 show the comparison of these measurements.
It is obvious that both measurements are not comparable with transmission line
theory but both measurements show a similar behavior: the isolation and coupling
is destroyed by a peak at the center frequency. This peak is shifted depending on
the substrate of the sample. The H 3 sample was designed for sapphire but the
H 3 sample without the inner ground plane was produced on silicon. The slightly
different effective permittivity leads to different phase velocities directing to different
center frequencies and to shifted peaks.
λ0 = vp/f0 and vp = c/

√
εeff result in

vp,Si

vp,Al2O3

=
f0,Si

f0,Al2O3

=
√
εeff,Al2O3

εeff,Si

With the formulas from chapter 2.2.3 the calculated effective permittivities are 5.6
for H 3 on sapphire and 6.3 for H 3 on silicon. This leads to

f0,Si

f0,Al2O3

= 0.94.

The frequency shift at the center frequency 7.5 GHz is around 400 MHz. This fits
quiet well with the observed frequency shift of the peaks. It can be concluded that
the peaks in the transmission spectra depend on the structure of the H 3 Hybrid ring
and are not box resonances or setup depending artifacts.
To characterize this behavior, two other sample were fabricated - one was designed
with formulas that were proposed by reference [37] and the dimensions of the other
one were copied from Heimer et al. [42]. Both hybrid rings take the asymmetry of
the missing inner ground plane into account.
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Figure 4.24: Comparison of H 3 AE (H 3 with inner ground plane) and H 3 EH (H 3 without
inner ground plane) at T = 4.2 K. H 3 AE was designed, fabricated and mea-
sured by A. Emmert [24]. (a) shows the isolation spectrum S31 and (b) the
S21 coupling. The isolation and the 3 dB coupling are destroyed by additional
peaks at the center frequency.
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Figure 4.25: Comparison of H 3 AE (H 3 with inner ground plane) and H 3 EH (H 3 with-
out inner ground plane) at T = 4.2 K. H 3 AE was designed, fabricated and
measured by A. Emmert [24]. (a) S32 coupling, (b) S41 coupling. The cou-
pling at the center frequency is destroyed by an additional peak at all four
measurements.
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4.2.2 CPW 1

The characteristic impedance of the geometry CPW 1 was calculated with the for-
mulas from reference [37]. This hybrid ring was measured twice, once without and
once with bonded airbridges close to the T-junctions for the connection between the
ground planes, as one can see in figure 4.26. Figure 4.27 shows the measured data of

Figure 4.26: CPW 1 hybrid ring with two bonded airbridges close to the T-junctions of the
arms.

the CPW 1 hybrid ring. Both measurements of the hybrid ring was performed with
an input power -20 dBm and the 50 Ω terminations were inside the cryostat. The
measurement of the CPW without bonded airbridges was averaged with 30 traces
and the one with the bonded airbridges was not averaged.
Both measurements show peaks in the transmission spectra that cannot be explained
by theory.
On the other hand these measurements show the influence of the bonded airbridges.
The bonding wires lead to reactive capacitances and inductances. A. Emmert ana-
lyzed the influence of bonding wires in reference [24], too. In his theses the bonding
wires had similar effects on the measured S31-parameter. It seems that the bonded
airbridges contribute to an unwanted crosstalk of ports that ought to be isolated.
The here observed additional peaks are similar to the ones of the H 3 AE and H 3
EH hybrid rings. This leads to the conclusion that also the omitted inner ground
plane results in no improvement compared with the H 3 AE hybrid ring. However
the isolation spectrum seems to be smoother. Thus, an influence of the inner ground
plane cannot be excluded.

4.2.3 CPW 2

For analyzing the peaks in the transmission spectra of the CPW hybrid rings, a
structure that was described in a publication by Heimer et al. [42] was fabricated.
The line widths of the arms and the ring of this hybrid were calculated with Sonnet
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Figure 4.27: Measurement of CPW 1 at 4.2 K with and without bonded airbridges (input
power -20 dBm, termination inside, 30 traces averaged (without bonded air-
bridges), not averaged (with bonded airbridges)). The airbridges influence
the behavior of the isolation spectra of the CPW hybrid ring.

Software2. The radius of the hybrid ring was adapted to the size of the silicon
substrate. The radius of 10.25 mm that was used in reference [42] results in a center
frequency of 3 GHz. The radius of 4.2 mm that was used within this diploma thesis
ends in a center frequency of 6 GHz.
The hybrid ring (CPW 2) showed peaks close to the center frequency in the isolation
spectra. These peaks cannot be explained. Figure 4.28 presents the measurements
of the isolation spectra S31 and S24. The peaks occur for both data sets at the same
frequency and with the same intensity.
By comparing the measurements of figure 4.28 to data presented in reference [42]
(see figure 4.29) it can be concluded that the problems with the CPW hybrid rings
are due to the setup scheme such as cables. This is supported by a S-parameter
measurement of CPW 2 that was performed in Erlangen (see figure 4.30) at the chair
of experimental physics (superconductivity) at the Friedrich-Alexander-Universität
Erlangen-Nürnberg.

2Sonnet Software is a registered trademark of Sonnet Software, Inc., Liverpool, NY.
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Figure 4.28: Measurement of the isolation of CPW 2 at 4.2 K (input power -40 dBm, ter-
mination inside, averaged of 30 traces)

Figure 4.29: Measured data of Heimer et al. [42]. The hybrid ring was designed for a
center frequency of 3 GHz. The S31-parameter fits quiet well with that center
frequency.
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4.3 LTLSM-Measurements

The S-parameters are very useful to characterize a perfect hybrid ring but if the
spectra of the parameters differs from the theory the S-parameters cannot explain
the origin of the problem. For further analysis of the frequency shift of the MS
hybrid ring’s isolation spectra and of the CPW hybrid ring’s peaks a new method
had to be used, measuring the hybrid ring with a low temperature laser scanning
microscope (LTLSM). This technique is based on the principle of scanning a focused
laser beam across the sample and simultaneously recording the electrical response
of the sample. Principally a change of any measured S-parameter’s characteristic
of the hybrid ring due to local heating or absorption of photons may serve as the
response signal.
A continuous microwave signal is fed into one port of the hybrid ring. The output
port is connected to a diode which measures the power transmitted through the
hybrid as a function of the laser impact coordinate. The change of the transmitted
power can than be plotted versus the laser coordinate.

Figure 4.30: Measurement of the isolation of MSH Nb Si, MSH Nb Si with a supercon-
ducting ground plane and CPW 2 at 4.2 K: input power -20 dBm, termination
inside, not averaged. Each measurement shows a center frequency different
of 6 GHz.

These measurements were done with three hybrid rings: MSH Nb Si, MSH Nb Si
with superconducting ground plane and CPW 2. The two MS samples were chosen
to analyze the influence of a superconducting ground plane. CPW 2 was chosen,
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because it promised the best results of the coplanar waveguide hybrid rings so far.
The S31-parameters of figure 4.30 were directly measured before scanning the sample.
For the measurements of the CPW 2 sample and the MSH Nb Si hybrid ring with
niobium as ground plane, port two was used as the input port, thus, ports one and
three are the coupling ports while port four is the output port. The MSH Nb Si
sample was measured by terminating ports four and two using port one as input and
port three as output port. The isolation frequencies were found to be 6.9 GHz for the
MSH Nb Si sample, 4.9 GHz for the MSH Nb Si hybrid ring with the superconducting
ground plane and 6.4 GHz for CPW 2. So each sample was measured at 6 GHz which
is the theoretical center frequency and at its measured center frequency.
Because the circumference of the hybrid ring is 3/2λ0, one expects minima at the
input and output ports and one on the half ring from port one to port four (see figure
4.31) at the center frequency f0. The maxima are on the two terminated ports and

Figure 4.31: Expectation of the LTLSM-measurements of the hybrid rings at the center
frequency.

also one on the half ring from port one two port four. At any other frequency the
maxima and minima are expected to be shifted.

MSH Nb Si

The first LTLSM-measurement was performed with the MSH Nb Si sample - niobium
on silicon. This measurement was done with a 5 times magnification on the used
microscope. Each picture shows therefore just a small section of the hybrid ring as
one can see in figure 4.32(a). The scaling of each picture differs because the control
software chose the optimum scaling for each picture. This scaling problem could be
dealt by re-scaling the data using Origin3. One can see that the minimum which
should occur at port three is slightly shifted. The same behavior was recognized
when measuring the MSH Nb Si sample with a niobium ground plane. The direct

3OriginLab Corporation, http://www.originlab.de (2008)
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Figure 4.32: LTLSM-measurements of the MSH Nb Si sample at 6 GHz (a) composition of
the pictures, each picture has its own amplitude scaling, (b) composition of
graphs re-scaled by Origin. global.

comparison of the interesting ports two, three and four leads already to some kind of
mismatch and an unperfect superposition of the waves on the hybrid ring (see figure
4.33). The different scaling of the 6 GHz and the 6.9 GHz measurements is due to
the different input powers (-27 dBm at 6 GHz and -17 dBm at 6.9 GHz) that were
necessary to optimize the pictures. Over all, the measurements agree well with the
measured S31-parameter.

MSH Nb Si with Superconducting Ground Plane

The MSH Nb Si sample with niobium as ground plane was measured at two different
frequencies - at 6 GHZ and at its previous measured center frequency 4.9 GHz. The
measurements are shown in figure 4.34.
The 6 GHz frequency measurements (figure 4.34(a) and (b)) do not show the maxima
and minima where they are expected but they show nodes and antinodes on the arms
of the hybrid ring. The reason for these standing waves could be reflections on the
intersections of the connection from the strip line to the connectors. These reflections
superimpose with the wave on the ring which leads to a shift of the maxima and
minima. With the shifted maxima and minima the calculated center frequency of

66



4.3 LTLSM-Measurements

Figure 4.33: LTLSM-measurements of the MSH Nb Si sample at 6 GHz and at 6.9 GHz:
Port two, three and four are shown each once at 6 GHz and at 6.9 GHz. The
scale of the first row is around ten times the scale of the second row. Each
picture in the third and last row is optimal scaled to show the response signal.

6 GHz is not the center frequency anymore. The ”new” center frequency depends
on the amplitude of the reflections which differs depending on the quality of the
contacts between the strip line and the connector. Because the amplitudes of the
signal on the -3 dB coupling ports are much higher than the amplitudes of the signals
on the isolation ports, the amplitude of the reflections on the coupling ports is also
much higher than the amplitude of the reflections on the isolation ports. Thus, the
contacts on the coupling ports are more sensitive than the contacts of the isolation
ports. This agrees well with the observations of the measurement shown in figure
4.22.
The pictures show that the extension along the ring of a maximum is larger than for
the minimum. Therefore, the S-parameters that describe the coupling (S21, S41 and
S32) are not as strongly affected as the S42 and S31-parameters.
The figures 4.34(c) and (d) show the LTLSM-data at the measured center frequency
of 4.9 GHz. Here the maxima and especially the minima coincide better with the
ports than at the 6 GHz measurement. This results in the new isolation frequency.
In general the pictures of figure 4.34 are in good agreement with the measured S42-
parameter of figure 4.30.
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Figure 4.34: LTLSM-measurements of the MSH Nb Si sample with a superconducting
ground plane. (a), (b) pictures at 6 GHz: (a) composition of the pictures,
each picture has its own amplitude scaling, (b) composition of graphs re-
scaled by Origin. (c), (d) the same as (a) and (b) but for the measured center
frequency 4.9 GHz.
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CPW 2

The results of the LTLSM-measurements of the coplanar waveguide hybrid ring
CPW 2 are shown in figure 4.35.
In this case the theoretic and the measured center frequency are comparable. Thus,
the maxima and minima are shifted by a smaller amount as the ones of the MSH
Nb Si measurements. The S31-measurement in figure 4.30 did not show an extra
peak like the isolation spectrum of the coplanar waveguide hybrid rings before but
behaved like the MS hybrid ring spectra. So, it was not possible to analyze the extra
peak with this method. Two points of the shown pictures in figure 4.35 are to be
mentioned - the asymmetric response power signal on port four and the light spot
on the edge of the ground plane. The light spot shows a high voltage density. In
principal this can be explained by the divergent electric field at the edge but port
four is the isolation port and it is not expected to show a high response power signal.
A response signal like this is more highly expected on one of the coupling ports. The
asymmetric response power signal cannot be explained.
At the moment it is impossible to say wether the extra dips are linked with the asym-
metric behavior of the hybrid ring or if the dips are independent of that asymmetry.
In any case, one single picture has too little explanatory power to say more about
the untypical behavior of the coplanar waveguide hybrid rings.

69



4 Measurements of the Hybrid Rings

Figure 4.35: LTLSM-measurements of the coplanar waveguide hybrid ring CPW 2. (a),
(b) pictures at 6 GHz: (a) composition of the pictures, each picture has its
own amplitude scaling, (b) composition of graphs re-scaled by Origin. (c),
(d) the same as (a) and (b) but for the measured center frequency 6.4 GHz.
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5 Time Domain Measurement

The hybrid ring should act as a microwave beam splitter and superpose the applied
signals at port one and port three. This interference was measured with two hybrid
rings at room temperature in the time domain: a commercial hybrid ring from
MITEQ1 and the MSH Cu sample. Two microwave signals at the center frequency
are fed into two input ports of the hybrid ring and the constructive and destructive
interference is detected at the two output ports.

5.1 MITEQ Hybrid Ring

First, the measurements and the calculation of the commercial microstrip hybrid ring
from MITEQ will be presented. The measured amplitudes A2 and A4 of the output
ports two and four will be compared to values computed for perfect interference.

5.1.1 Measurement

The superposition of two input signals was performed by a microstrip hybrid ring
bought from MITEQ. This hybrid ring has a line width of the arms of 406.4µm, while
the line width of the ring is 736.6µm. It consists of four layers of conducting materials
on the substrate: at the bottom an alumina layer, then a tantalum (III) nitride layer
(50-60 nm) and a layer of titanium-tungsten (100-200 nm). The top layer is made
of 2.54-3.05µm thick gold. This hybrid ring shows perfect S-parameter spectra and
is predestined to analyze the fundamental working principle of the hybrid ring (see
figure 5.1).
The measurement setup is shown in figure 5.2. The attenuation of the different
cables at 6 GHz has been measured with the NVA that had been already used for
the S-parameter measurements.
A microwave of power 0 dBm - corresponding to a power of 1 mW - at a frequency of
6 GHz is emitted by a microwave generator (Rohde&Schwarzr: SMP 04, Microwave
Signal Generator2), split by a power divider (PD) (Agilent Technologies: 11667C
Power Splitter3) and then connected to port one and three of the hybrid ring. The
superposed signals at port two and four are detected by an oscilloscope (LeCroy:
WaveMasterTM 8600A4).
The detected voltages are shown in figure 5.3. The amplitudes of the measured data

1MITEQ, http://www.miteq.com/ (2008)
2R&Sr, http://www.rohde-schwarz.com/ (2008)
3Agilent Technologies, http://www.agilent.com (2008)
4LeCroy, http://www.lecroy.com/homepage/germany/default.aspx (2008)
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5 Time Domain Measurement

Figure 5.1: Measurements of the S-parameters od the MITEQ hybrid ring at 4.2 K. S31 is
averaged with 50 traces, the other measurements are not averaged.

are A2 = 125 mV and A4 = 60 mV with an error of 2 mV each.
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5.1 MITEQ Hybrid Ring

Figure 5.2: Setup scheme for applying two signals to the hybrid ring: the cables from the
power divider to the hybrid ring (red) have an attenuation of -0.7 dB at 6 GHz
and the cables from the hybrid ring to the oscilloscope exhibit an attenuation
of -0.4 dB at 6 GHz

Figure 5.3: Measured signals at port two and four of the hybrid ring
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5.1.2 Calculation

In the following section this measured data will be compared with the calculated
values. This computing based on transmission theory was performed by using the
calculated signals at port one and three of the hybrid ring to compute the voltage
signals at port two and four.
While the attenuation in the PD can be neglected the attenuation in the cables
connecting the microwave generator to the hybrid ring are D1 = −0.7 dB at f =
6 GHz with an error of ∆D1 = 0.05 dB. The attenuation of the cables connecting the
hybrid ring and the Oscilloscope are D2 = −0.5 dB at f = 6 GHz with an estimated
error of ∆D2 = 0.02 dB.
The following calculations were done with the formulas:

pW = 10pdB/1010−3 W (5.1)

A =
√

2pW50 Ω (5.2)

where pdB is the power expressed in decibel and pW is the power in watt. A is the
voltage amplitude.
Thus, the PD divides the 0 dBm signal in two -3.01 dBm signals. The attenuation
of the cables leads to signals of pcal,0 = −3.71 dBm at the input ports. This is equal
to pcal,0 = 0.426 mW or to Acal,0 = 206 mV. The zero in the formulas represents
the signal before the readout of the oscilloscope. The reading of the oscilloscope
of 6 GHz signals is attenuated by -3 dB compared to the reading of low frequency
signals which is equal to a factor of 1/2. This is due to the analog bandwidth at 50 Ω.
Thus, the calculated amplitude has to be divided by a factor of two and is given by
Acal = A1,cal = A3,cal = 103 mV. The measured amplitudes at the input ports of the
hybrid ring A1 = 96 mV and A3 = 105 mV were measured by connecting the PD
directly with the oscilloscope and agree quiet well with the calculated values. The
difference of the measured amplitudes is due to the input amplifier of the two used
inputs of the oscilloscope.
The 0.05 dB error in the attenuation leads to an error of 1 mV in the amplitude,
which was calculated by Gaussian’s error propagation:

∆Acal =

√(
∂Acal

∂D1
∆D1

)2

=
(

1
20

ln(10)Acal

)
· 0.05 V = 1.2 mV

The measured phase shift of the two signals S1 and S3 is δϕ13 = 0.29π. Thus, the
measured voltages are

S1 = 96 mV · cos (6 GHz/(2π) · t)

S3 = 105 mV · cos (6 GHz/(2π) · t+ 0.29π) .

The calculated signals are

S1,cal = 103 mV · cos (6 GHz/(2π) · t)
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5.1 MITEQ Hybrid Ring

S3,cal = 103 mV · cos (6 GHz/(2π) · t+ 0.29π) .

These signals are calculated to allow a comparison to the measured data. Since
this data is reduce by a factor of two due to the bandwidth of the input amplifier,
the calculated signals have to be multiplied by a factor of two to be used for the
computation of the constructive and destructive interference of the hybrid ring. It
is useful to compute the amplitudes at the output ports with the calculated and not
with the measured amplitudes of the input signals because the measured amplitudes
are deviated due to the input amplifier of the oscilloscope. So the signals S2,cal,1 and
S4,cal,1 on the output ports of the hybrid rings are

S2,cal,1 = (2S1,cal + 2S3,cal)/
√

2 =
4Acal√

2
cos
(

2ωt+ δϕ13

2

)
cos
(
δϕ13

2

)
(5.3)

and

S4,cal,1 = (2S3,cal − 2S1,cal)/
√

2 =
4Acal√

2
sin
(

2ωt+ δϕ13

2

)
sin
(
δϕ13

2

)
(5.4)

with δϕ13 = 0.29π, ω = 6 GHz/(2π) and Acal = 103 mV. To compare the calculation
with the measurement, it is necessary to consider the attenuation of the cables from
the hybrid ring to the oscilloscope. The amplitudes of the emitted signals at the
output ports of the hybrid ring are A2,cal,1 = 261 mV and A4,cal,1 = 130 mV. With
the given formulas (5.1) and (5.2) it is possible to transform this voltage amplitudes
into powers and subtract the attenuation of the cables. By applying the factor 1/2
to the voltage amplitude due to the input amplifier of the oscilloscope, one gets
A2,cal = 124 mV and A4,cal = 62 mV. The calculated signals are shown in figure 5.4.
A point that has not been yet considered are the reflections at the two input ports.
The design of the hybrid ring predicts no reflections on each port at the exact center
frequency (see (2.33)). Thus, these reflections were assumed to be negligible.
The calculation of the errors depend on the error due to the attenuation and the
error of reading the amplitudes A1 and A3.

∆Ai,cal =

√(
∂Ai,cal

∂D2
∆D2

)2

+
(
∂Ai,cal

∂Ai,cal,1
∆Ai,cal,1

)2

(i ∈ {2, 4})

With Ai,cal,1 = A1 cos(Ωt)±A3 cos(Ωt+ φ) and Ω = 6 GHz/(2π) the error of Ai,cal,1

is

∆Ai,cal,1 =

√(
∂Ai,cal,1

∂A1
∆A1

)2

+
(
∂Ai,cal,1

∂A3
∆A3

)
=

√
(cos(Ωt) · 0.002 V)2 + (cos(Ωt+ 0, 13π) · 0.002 V)2

which results in ∆A2,cal,1 = 2.8 mV which was calculated for t = 0.16 ns and ∆A4,cal,1 =
1.5 mV for t = 0.19 ns. Figure 5.4 shows how the times were chosen.
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5 Time Domain Measurement

Figure 5.4: Calculated signals at port two and four of the MITEQ hybrid ring

calculation measurement
A1,cal = 103± 1.2 mV A1 = 96± 2 mV
A3,cal = 103± 1.2 mV A3 = 105± 2 mV

δϕ13 = 0.29π
A2,cal = 124± 2.7 mV A2 = 125± 2 mV
A4,cal = 62± 1.4 mV A4 = 60± 2 mV
δϕcal,24 = 0.5π δϕ24 = 0.5π

Table 5.1: Comparison of the calculated and measured amplitudes.

With these values it is possible to get the errors ∆A2,cal = 2.7 mV and ∆A4,cal =
1.4 mV. So the calculated amplitudes are A2,cal = 124 ± 2.7 mV and A4,cal = 62 ±
1.4 mV.
Table 5.1 compares the calculated and measured amplitudes. The measured and
computed values agree within the uncertainties. The deviation of the amplitudes
and the asymmetry of A1 and A3 is due to the asymmetric input amplifier of the
two input ports of the oscilloscope. S1 and S4 were measured with the same input
port of the oscilloscope while S3 and S2 were measured by the other one.
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calculation measurement
A1,cal = 103± 1 mV A1 = 98± 4 mV
A3,cal = 103± 1 mV A3 = 109± 4 mV

δϕ13 = 0.12π
A2,cal = 136± 2.8 mV A2 = 112± 2 mV
A4,cal = 27± 1.3 mV A4 = 60± 2 mV
δϕcal,24 = 0.5π δϕ24 = 0.5π

Table 5.2: Comparison of the computed and measured values of the MSH Cu sample.

5.2 MSH Cu

The copper hybrid ring is measured in the same way as the commercial gold hy-
brid ring, however, at 5.7 GHz which is the center frequency (see figure 4.12 in
section 4.1.3). Since both hybrid rings were not measured at the same time, the
rearrangement of the cables and the different isolation frequency results in a phase
shift δϕ13 = 0.12π. The amplitudes of the signals S1 and S3 are A1 = 98 mV and
A3 = 109 mV respectively and are similar to the amplitudes of the measurements on
the MITEQ device. Since the layout of the measurement setup and the value of the
input power has not changed, the calculated amplitude Acal is again 103 mV.
By using equations (5.3) and (5.4), the calculation of the MSH Cu sample is per-
formed in the same way as in the case of the MITEQ hybrid ring. After considering
the attenuation of the cables from the hybrid ring to the oscilloscope and the band-
width of the input amplifier, one gets A2,cal = 136±2.8 mV and A4,cal = 27±1.3 mV.
The measured amplitudes at port four and two are A2 = 112 mV and A4 = 60 mV
with an error of 2 mV each. Table 5.2 compares the measured with the calculated
amplitudes of the signals. The difference of the computed and measured values shows,
that the copper sample does not behave as a perfect interference device. Reflections
at the ports due to impedance mismatch could be the origin of the different measured
and calculated amplitudes.

5.3 Reference Measurement

Both the MITEQ device and the MSH Cu, measurements were repeated with an
Agilent5 infiniium DSA80000B oscilloscope at Infineon6. This oscilloscope is able to
detect signals with a frequency up to 8 GHz. The measurements were repeated to
exclude systematic errors due to the bandwidth of the input amplifier of the used
LeCroy oscilloscope at the WMI.
The measurements at Infineon confirmed the performance of the commercial MITEQ
hybrid ring being superior to that of the copper hybrid ring. The measured and

5Agilent Technologies, http://www.home.agilent.com/agilent/home.jspx (2008)
6Infineon Technologies AG, http://www.infineon.com/cms/de/product/index.html (2008)

77



5 Time Domain Measurement

calculation measurement
MITEQ hybrid ring MSH Cu

A1,cal = 135± 1 mV A1 = 133± 4 mV A1 = 133± 4 mV
A3,cal = 135± 1 mV A3 = 130± 4 mV A3 = 130± 4 mV

δϕ13 = 0.13π
A2,cal = 178± 2.8 mV A2 = 173± 4 mV A2 = 118± 4 mV
A4,cal = 38± 1.3 mV A4 = 38± 3 mV A4 = 61± 3 mV
δϕcal,24 = 0.5π δϕ24 = 0.5π δϕ24 = 0.5π

Table 5.3: Comparison of the calculated and measured values of the amplitudes of the
MITEQ and MSH Cu hybrid ring. The measurements were performed at Infi-
neon.

calculated data is listed in table 5.3.

78



6 Conclusion

This thesis was motivated by the idea to design and create a superconducting 180◦

hybrid ring in microstrip and coplanar waveguide geometry that can be used in a
homodyne detection scheme. This hybrid ring is a crucial component of the set
up scheme presented in chapter one, where a quantum object interacts with the
quantized modes of a resonator. This experiment belongs to the class of c-QED
experiments.
The dimensions of the hybrid rings were chosen to match the impedance of standard
microwave equipment. Different fabrication processes were used to fabricate the
hybrid rings with different materials.
The S-parameters measurements of the MS hybrid rings look almost as theory pre-
dicts. The coupling parameters fit quite well with the theoretical calculations and
the isolation spectra show in general the expected behavior. The sometimes ob-
served frequency shift seems to depend on the quality of the connection of the strip
line to the connector and especially to the 50 Ω terminations. The reflections at
the transitions of the different materials depend on the conducting properties of the
line. The transition from a superconducting to a normal conducting material is more
problematic than the transition between two normal conducting materials. Super-
conducting materials have lower attenuations in the lines than normal conducting
materials. Therefore the reflections on the ports in a superconducting material such
as niobium, execute more influences on the signal in the lines than reflections in
normal conducting materials. So, the contacts of the gold or copper sample are less
sensitive compared to the contacts of the niobium samples.
The reflections on the ports could be visualized by measuring the current density
with an LTLSM. In the arms of the hybrid a standing wave became visible which
can help to explain the shift of the center frequency. Analyzing these reflections in
more detail could be the work of a future diploma thesis.
The present thesis shows that the properties of the MS hybrid rings (except the
contacting problem) are almost independent of the conducting material. Thin layers
of normal conductors might be a problem because the ohmic resistance is inversely
proportional to the cross section area of the conductor. To prove this statement, a
microstrip hybrid ring with a thickness of at least 1µm should be fabricated and
characterized.
Sapphire as substrate was expected to yield better results due to its smaller loss
tangent. From experiments, there are no differences to identify between silicon and
sapphire as substrate.
While the MS hybrid rings act almost as expected, the CPW hybrid rings show some
non trivial features. The extra dips in the transmission spectra were observed for all
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coplanar waveguide hybrid rings expect for the measurement that was performed in
Erlangen at the chair in experimental physics of the Friedrich-Alexander-Universität
Erlangen-Nürnberg. This measurement shows some non expected response power
signal on the ground plane close to the output port. This densities might be linked
with the observed peaks in the transmission spectra of the coplanar waveguide hybrid
rings. More LTLSM measurements in combination with a theoretical modeling of
the response signal might help to explain that property.
Apart from the S-parameter measurements, time domain measurements were per-
formed with two hybrid rings at room temperature. The commercial hybrid ring was
bought from MITEQ and because of the relatively thick gold layer of around 2.5 to
3µm its properties are still measurable at room temperature. The calculation was
realized by using the calculated amplitude Acal to compute the amplitudes A2,cal

and A4,cal as the constructive and destructive interference of the two signals. The
calculations agree well with the measured data.
The same time domain measurement was performed with the MSH Cu sample. Com-
paring the measured data to the computed values shows a disagreement. This dis-
agreement is unexplained since the measured S-parameters of the copper sample
were in agreement with theory.
Despite the problems that are still present, it is possible to design a hybrid ring
that meets the requirements for a quantum homodyne measurement scheme of weak
signals.
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A Quantum Bits and Circuit Quantum
Electrodynamics

A.1 Quantum Bit

As mentioned in the introduction, quantum bit or qubit is a quantum mechanical
two level system with basis states |0〉 and |1〉. Thus, any state |Ψ(t)〉 of the qubit
can be interpreted as a superposition of these two basis states:

|Ψ(t)〉 = α(t)|0〉+ β(t)|1〉,

where α(t) and β(t) are complex amplitudes that have to satisfy the normalization
conditions

|α(t)|2 + |β(t)|2 = 1.

As shown in figure A.1 the qubit state |Ψ〉 can be described by a unit vector on the
Bloch sphere. With this representation the qubit state can also be expressed by the

Figure A.1: Representation of the qubit state by a point on the Bloch sphere. The state
can be described by the azimuth angle θ and the polar angle φ

two angles θ and φ by

|Ψ(t)〉 = sin
(
θ

2

)
e−iφ/2|0〉+ cos

(
θ

2

)
eiφ/2|1〉.

The qubits that will be used in the future for quantum computing must fulfill a
number of criteria, also known as the Di Vincenzo criteria [49]. One needs

1. a scalable two-level quantum system
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2. the possibility to initialize the qubits in the ground state

3. long decoherence times compared to operation times

4. a universal set of quantum gates

5. the possibility to readout every single qubits

Two extra criteria for the quantum communication are:

6. the feasibility of transforming a stationary qubit into a flying qubit and vice
versa

7. the possibility of qubit state transport

As mentioned in the introduction, qubits can be realized with different physical
system such as ions in ion traps, cold atoms in optical lattices, quantum dots or
superconducting qubits based on Josephson juntions.
The advantage of superconducting qubits over any other solid-state based quantum
mechanical two-level system is the possibility to isolate the qubit from the envi-
ronment and thereby reduce decoherence effectively. This can be done because the
superconducting ground state is separated by an energy gap (∼meV) from the quasi-
particle excitation spectrum, see figure A.2.

Figure A.2: Advantage of superconductors for constructing solid state based qubits: the
Cooper pairs can condense into the same energy level and leave an energy gap
∆ above them which inhibits the kind of collision interactions that lead to
ordinary resistivity. Such a gap do not exist for normal metals.

The DiVincenzo criteria can be fulfilled by using superconducting qubit systems:

1. In several types of superconducting circuits based on Josephson junctions, ele-
mentary manipulations of the quantum state were demonstrated, see [8, 9, 10,
11, 12, 1].
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A.2 The Flux Qubit

2. At very low temperatures (several mK) the qubit relaxes into a well-defined
ground state.

3. In 2005 Ithier et al. [50] presented experiments which characterized the sources
of decoherence in a qubit circuit. The experiments of Houck, Schuster et al.
[19] and Steffen et al. [51] showed that the decoherence times are long enough
to realize the readout of the qubit.

4. An overview of single and two bit gates is given in reference [14] and in 2003
Yamamoto et al. [15] introduced a conditional gate operation using a pair of
superconducting charge qubits.

5. Dispersive as well as quantum non-demolition readout schemes for supercon-
ducting circuits have been realized [52, 13].

6. A possible transformation of stationary qubits to flying qubits is given by
mapping the qubit state onto a photon [19]. This will be explained in section
A.4. In 2002, Marcikic et al. [53] created pairs of non-degenerate time-bin
entangled photons with ultrashort pump pulses.

7. Each flying qubit can easily be transmitted and therefore be used for qubit
transport [19]. A second possibility is to couple different qubits and to map
the qubit state from one qubit onto another. This was done in references
[54, 55, 56, 57].

A third variation opens the possibility of coupling of two qubits via a resonator
[16] while Helmer et al. [18] proposed a cavity grid which allows to couple any
two qubits on the grid independent of their distance and transfer their state.

The superconducting circuits are candidates for implementing qubits.
Depending on the ratio of the characteristic energy scales of the qubits Josephson
junctions, the family of superconducting qubits can be divided into: charge qubits,
phase qubits and flux qubits (also known as persistent current qubits). In the fol-
lowing, the flux qubit will be described in more detail.

A.2 The Flux Qubit

Flux qubits are micrometer sized superconducting loops interrupted by several Joseph-
son junctions (see figure A.3). The Josephson junctions are characterized by their
Josephson coupling energy EJ and their charging energy EC. Flux qubits differ from
other types of superconducting qubits (charge qubit, phase qubit) by the ratio of the
coupling energy and the charging energy. Typically in a flux qubit EJ is 10-100 times
greater than EC. It is this ratio that allows the Cooper pairs to flow continuously
around the loop which results in a persistent current Ip.
In general, the hamiltonian of the flux qubit is given by

Hq =
1
2

(εσz + δσx)
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Figure A.3: Scanning electron micrograph of a flux qubit: the inner superconducting ring
is interrupted by three Josephson junctions. The classical states correspond
to persistent current flowing either clockwise or counter clockwise which rep-
resents the basic qubit states |L〉 and |R〉.

where σx and σz are the Pauli spin matrices.
For vanishing tunnel coupling (δ = 0) the two qubit states correspond to the clas-
sical states |L〉 and |R〉 with clockwise and counterclockwise persistent currents
Ip circulating in the loop. These states are separated by the flux-dependent en-
ergy ε = 2Ip(Φx − Φ0/2), where Φx is the applied flux through the loop area and
Φ0 = h/(2e) is the flux quantum. For finite coupling (δ > 0), one obtains superposi-
tions of |L〉 and |R〉 at the degeneracy point (Φx ≈ Φ0/2) (see figure A.4). This re-

Figure A.4: Energy level diagram of a flux qubit for finite coupling (δ > 0). At the degener-
acy point, the two energy states |L〉 and |R〉 superimpose to a symmetrical (| ↑
〉 =

√
1/2(|L〉+ |R〉)) and an antisymmetrical state (| ↓〉 =

√
1/2(|L〉 − |R〉)).

With Φx = Φ0/2 the energy gap corresponds to δ.

sults in new qubit eigenstates |↓〉 and |↑〉 with the energy difference E↑↓ =
√
ε2 + δ2.

At the degeneracy point the energy gap E↑↓ corresponds to δ which is independent
of Φx. This independence of the flux leads to an independence of the flux noise
which is the reason of dephasing. Thus, the qubit is protected from dephasing, at
the degeneracy point. Therefore, this point represents the optimal point for the
coherent manipulation of the qubit. The qubit eigenstates at the degeneracy point
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are equal superpositions of |L〉 and |R〉, i.e., the expectation value of the persistent
current vanishes. Far away from the degeneracy point (ε� δ) the qubit behaves as
a classical two-level system.
The main advantage of flux qubits over other types of superconducting qubits is that
they are less susceptible to fluctuating charges on the substrate. However they are
sensitive to flux noise. This sensitivity has been analyzed in details as references
[13, 58, 59] show.

A.3 Circuit Quantum Electrodynamics

In quantum optics isolated Rydberg atoms with electrical dipole moment d are cou-
pled to the vacuum state electric field E0 of a cavity. When the Rabi frequency
νRabi = 2dE0/h exceeds the rates of relaxation and decoherence of both the atom
and the field, the coherent oscillations of a single excitation between the atom and
the cavity can be observed at νRabi.
In 2004, A. Wallraff et al. [1] observed the coherent exchange of a microwave single
photon between a superconducting charge qubit strongly coupled to an on-chip mi-
crowave cavity. This initiated the field of circuit quantum electrodynamics (c-QED).
The coherent exchange of energy between the qubit and the cavity can be observed
if the relaxation rates γ of the qubit and κ of the cavity are smaller than the cou-
pling constant g of the qubit to the cavity (strong coupling criterion). The resulting
entangled states can be detected spectroscopically.
M. Mariantoni et al. [20] and T. Lindström et al. [60] proposed to couple a supercon-
ducting flux qubit to an on-chip microwave cavity (see figure A.5), which is basically
a resonator with a capacitor at each end (see figure A.7). The capacitors act as
mirrors for microwaves where a standing wave is established between the mirrors.
The main source of dissipation is the loss of photons from the resonator through
the capacities at a rate κ (see figure A.6). The difference between the coupling of a
charge qubit to a resonator and a flux qubit to a resonator is, apart from the qubits,
the field that couples to the qubit. The charge qubits couple to the electric field and
the flux qubits couple to the magnetic field.
The superconducting resonator can be modeled as a harmonic oscillator with the
hamiltonian

Hr = ~ωr

(
a†a+ 1/2

)
where 〈a†a〉 = 〈n̂〉 = n is the average photon number inside the resonator and ωr the
resonance frequency. The eigenstates of the resonator described by the hamiltonian
are Fock states |0〉...|n〉 with n photons.
The coupled qubit-resonator system is described by the Jaynes-Cumming hamilto-
nian:

HJC = Hr +Hq +Hg

where Hg is the hamiltonian describing the interaction between the qubit and the
cavity. One has to differentiate between two regimes: the resonant regime with
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Figure A.5: (a) Sketch of a coplanar waveguide resonator. The qubit can be placed in the
gab between the center conductor and the lateral ground plane. (b) Schematic
diagram of a superconducting qubit coupled to a resonator. M is the mutual
inductance between the resonator and the persistent current qubit that is
permeated by the magnetic flux Φx. [60]

Figure A.6: The capacitors of the resonator that are used in c-QED acts like mirrors. The
microwave is trapped in that cavity but can dissipate through the capacities
at the rate κ.

ω0 = ωr and the dispersive regime with |∆| = |ω0 − ωr| � 0.
Figure A.8 gives an overview of the energy levels of the coupled qubit-cavity system.
Starting on the left of the diagram, the qubit and the resonator are far detuned
(|∆| � 0). The qubit state influences the transmission spectrum of the resonator
which leads to a shift of g2/∆ in the resonance frequency of the resonator. The
eigenstates of the coupled system are: |0, ↓〉, |0, ↑〉, |1, ↓〉 and |1, ↑〉. The shift in the
resonance frequency of the resonator depends on the qubit state (see figure A.9).
Thus, the dispersive regime is favorable for quantum non-demolition measurements
of the qubit state.
When varying the external flux, the transition frequency of the qubit can be brought
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Figure A.7: Design of a line resonator with a capacitor at each end

into resonance with the resonance frequency of the resonator. At this point the inter-
action between the electromagnetic field inside the cavity and the qubit is described
by a dipole interaction

Hg = ~g(a†σ− + aσ+),

where σ+(σ−) is the raising (lowering) operator for the qubit. In this regime, the
resonator and the qubit cannot be understood as two separated systems with their
own energy levels. An analogue are two hydrogen-atoms: while they are separated
they have the same energy levels but the coupled system is called hydrogen-molecule
where each of the origin energy levels is split into two components.
Hg couples the states |0, ↑〉 and |1, ↓〉 and lifts their degeneracy (see figure A.8).
The oscillations between |0, ↑〉 and |1, ↓〉 can be observed at the Rabi frequency
νRabi = g/π. One can visualize this as a cycle in which the resonator and the qubit
continuously exchange an amount of energy equal to one photon. This proposed
scheme allows the generating of single microwave photons without initialization the
qubit in the exited state |1〉.

A.4 Single Microwave Photon Source

In 2007, Houck, Schuster et al. [19] demonstrated an on-chip single-photon source
by using the coupling of a qubit with a cavity. The qubit state is mapped onto the
photon which acts as a flying qubit and transmits the quantum information across
the chip. For this experiment they used a resonator as cavity with two different
capacitors at the ends. One capacitor is used as input capacitor and the other,
larger one is used as output capacitor as figure A.10 shows. This allows an efficient
collection of light emitted from the cavity. The qubit is located on one side of the
resonator.
To verify the single-photon output there are three unique characteristics to consider:
First, the output is expected to be oscillatory in the amplitude of the control pulse,
which is applied to rotate the qubit. Second, the produced mean amplitude should
agree well with the expected value for a single photon. Third, the state tomography
measured for the photons should show complete agreement with the one obtained
from independent measurements of the qubit if the output of the system depends
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Figure A.8: Energy levels of the coupled qubit-cavity system. On the left and the right of
the diagram the qubit is far detuned from the resonator. In the middle, the
magnetic flux threading the qubit loop is increased, tuning the qubit transition
frequency into resonance with the cavity.[60]

only on the state of the qubit. These three characteristics are all met by the source
as the following paragraphs will show.
A gaussian control pulse rotates the qubit state by the Rabi angle that is proportional
to the pulse amplitude. This can be visualized by rotating the vector on the bloch
sphere (figure A.1) by the angle θ. The excited qubit will then relax while generating
a new photon state at the qubit frequency. The control pulse leaves the cavity at
a rate that is much faster than the rate of spontaneous emission. Thus, the control
pulse and the measurement signal can be separated in time, see figure A.11. As seen
in this figure the measured control signal increases linearly while the spontaneous
emission oscillates as the qubit is rotated from the ground to the exited state and
back. This confirms the spontaneous emission being proportional to the qubit state.
In figure A.12(a) the photon number output of the cavity 〈a†a〉 detected with a
diode is compared to the measured qubit state 〈σz〉. The agreement between qubit
and photon states verifies that the photon generation occurs as expected. A second
comparison between the integrated voltage of the output photons i〈a† − a〉 and the
qubit state 〈σy〉 underlines this agreement. Thus, the phase of superposition states
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Figure A.9: Transmission spectrum of a qubit-resonator system in the dispersive regime.
The resonance frequency of the cavity is shifted by g2/∆, depending on the
qubit state.[61]

Figure A.10: The circuit quantum electrodynamics device for generating single photons.
(a) A transmission line cavity is formed between two capacitors, with the
input capacitor shown in (b) (red box in (a)) and the output in (c) (yellow
box in (a)). Because the output capacitor is much larger, most radiation
leaving the cavity leaves from this port. (d) Transmon Qubit at a voltage
anti-node of the cavity (blue box in a). [19]

is also transferred from the qubit to the photon.
The third characteristic is proven by comparing the results of state tomography
measurements for the photons to that of the qubit. Figure A.13 shows the excellent
agreement of the recorded quadratures of the output homodyne voltages (A.13(b),
(c)) and the expected σx and σy components of the qubit state (A.13(e), (f)). The
different labeling of the axis is due to the difference of the experiments that were
performed. This tomography allows a full characterization of the qubit by looking
the spontaneous emission at the output, directly observing a qubit at its Lamor
frequency. Additionally, the qubit state at an arbitrary point of the bloch sphere
can be transferred onto a photon state and so acts as a ”flying” qubit.
This mapping of a qubit state onto photon states allows the use of microwave photons
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Figure A.11: Measurement drive (at t = 0 ns) and spontaneous emission voltage (at t =
36 ns) of cavity output in units of zero-point fluctuations V0. The inset
shows the time sequence, with a gaussian pulse at the qubit frequency and
subsequent photon emission with relaxation time T1. [19]

Figure A.12: (a)Photon number output of cavity 〈a†a〉 (red line) compared with the mea-
sured qubit state 〈σz〉. (b) Integrated voltage of the output photons i〈a†−a〉
compared with the qubit state 〈σz〉 [19]

as a carrier of quantum information on a chip.
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Figure A.13: (a-c) were performed by [19] and (d-f) by [51]: (a,d)Measurement of qubit
state 〈σz〉 after rotations by pulses of arbitrary amplitudes and phases.(b-c)
The amplitudes of the voltage measured in each homodyne quadrature (b)
〈a†+a〉 and (c) i〈a†−a〉 agree with (e) and (f), that show the measurements
for the qubit corresponding states.
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B Fluxoid Quantization in the Hybrid
Ring

An important characteristic of superconductivity is the fluxoid quantization. There
is a possibility of flux quantization influencing the hybrid ring close to the operating
frequency. The total fluxoid penetrating a superconducting loop has to be a multiple
of the flux quantum Φ0 = h/(2e) which was demonstrated by Doll and Näbauer [62]
and Deaver and Fairbank [63] in 1961.∮

C

Λjs · dl +
∫
S

B · ds = n · Φ0

where S is the surface defined by a closed contour C and dl is an infinitesimal length
of C. ds is normal to S and quantifying an infinitesimal area.
The hybrid ring may be influenced by the following mechanism (see figure B.1):
The current I = In + Is is split unequally into two components IL and IR. This
includes the unequal splitting of the supercurrent Is,L and Is,R such that the total
flux Φs = n · Φ0 through the ring due to the supercurrent remains constant. Hence
the ratio of Is,l and Is,R should be the inverse ratio of the corresponding distances on
the ring between ports one and two. Therefore, to get a maximum isolation1 between
these two ports at the operating frequency, the ratio Is,L/Is,R should be equal to 1.
However, the hybrid ring would be less efficient.

Figure B.1: The hybrid ring modeled as a two port device, consisting of a superconducting
ring with width w and radius R. The ring has a self inductance Lring.

1The characteristics of the hybrid ring are explained in 2.3
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This is a very simple demonstration of the influencing of the hybrid ring by the fluxoid
quantization. Since the wavelength is in order of the ring dimension, namely the
circumference is 3λ/2, it is very hard to predict an additional influence of the fluxoid
quantization. A complete theoretical calculation around the working frequency of
the hybrid ring should be based on the general Maxwell’s equations together with
the fluxoid quantization and should result in a system of inhomogeneous partial
differential equations.
The presented measurements of superconducting hybrid rings (MSH Nb Al2O3 and
MSH Nb Si) and normal conducting hybrid rings (MSH Au and MSH Cu) showed
no influence on the hybrid ring by the fluxoid quantization.
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C Fringe Field Factor

The fringe field factor is used in chapter 2.2.2. According to reference [35], it can be
computed as follows

K(w, h, t) =
h

w

2
π

ln
(

2rb

ra

)
with

ln ra = −1− πw

2h
− p+ 1

p1/2
tanh−1

(
p−1/2

)
− ln

(
p− 1

4p

)

rb =


rb0 for w/h ≥ 5

rb0 −
√
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(
rb0−p
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)1/2

−2p1/2 tanh−1
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The fringe field factor is plotted versus the aspect ratio w/h in figure C.1
When the aspect ratio w/h → ∞, the fringe factor will reduce to one.
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Figure C.1: The fringe factor K(w, h, t) versus w/h for some given values of t and h. The
different graphs are more or less identical.
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D General Coplanar Waveguide

As shown in figure D.1 a coplanar waveguide consists of a substrate and the con-
ducting line and the ground plane on the same site of the substrate. In general the
substrate can consists of more than one layer. Gevorgian et al. [38] showed a way
to calculate the effective permittivity and the characteristic impedance for a two
layered substrate.

Figure D.1: The profile of a coplanar waveguide transmission line with a double layered
substrate.

According to reference [38], the total capacitance C per unit lenght can be interpreted
as a connection in parallel of the partial capacitances to a resultant parallel-plate
capacitor with C = C04 + C03 + C1 + C2. Since regions III and IV are filled with
air it is ε3 = ε4 = ε0 and

C0j = ε0
K(kj)
K(k′j)

(j = 3, 4) (D.1)

where the modulus of the complete elliptic integrals K(kj), K(k′j) are defined by

kj =
tanh

(
πw
4hj

)
tanh

(
π

2hj
(w/2 + g)

)
k′j =

√
1− k2

j .

The capacitances due to the substrate are

C1 = (ε1 − 1)ε0
K(k1)
K(k′1)

(D.2)
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with

k1 =
sinh

(
πw
4h1

)
sinh

(
π

2h1
(w/2 + g)

)
k′1 =

√
1− k1

and
C2 = (ε2 − ε1)ε0

K(k2)
K(k′2)

(D.3)

with

k2 =
sinh

(
πw
4h2

)
sinh

(
π

2h2
(w/2 + g)

)
k′2 =

√
1− k2 .

Hence the total capacitance can be written as

C = (ε1 − 1)ε0
K(k1)
K(k′1)

+ (ε2 − ε1)ε0
K(k2)
K(k′2)

+ ε0

[
K(k3)
K(k′3)

+
K(k4)
K(k′4)

]
.

Inducing the effective permittivity

εeff,q = 1 +
K(k1)
K(k′1)

[
K(k3)
K(k′3)

+
K(k4)
K(k′4)

]
(ε1 − 1) +

K(k2)
K(k′2)

[
K(k3)
K(k′3)

+
K(k4)
K(k′4)

]
(ε2 − ε1)

(D.4)
the capacitance is

C = 2ε0εeff,q

[
K(k3)
K(k′3)

+
K(k4)
K(k′4)

]
. (D.5)

By using equation(2.23) the characteristic impedance is

Z0 =
60π
√
εeff,q

[
K(k3)
K(k′3)

+
K(k4)
K(k′4)

]−1

. (D.6)
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E Fabrication Parameters

Within this work different fabrication processes were used depending on the differ-
ent conducting materials. Figures E.1-E.4 show schematically the processes for the
different samples while the detailed parameters are given in tables E.2-E.4. Table
E.1 lists those parameters that all processes have in common.

process step process parameters

cleaning the sample C1: cleaning in an ultrasonic bath with 1st acetone
(p.a.), 2nd acetone (p.a.), 3rd isopropanol (p.a.) (each
2 min @ 20◦C, power 2 or 1)
C2: boiling the sample in acetone (10 min), step C1

cleaning the quartz
mask

clean with 1st acetone (p.a.), 2nd acetone (p.a.), 3rd
isopropanol (p.a.)
dry with N2

Table E.1: details of fabrication steps that are used in every process

Niobium on Silicon or Sapphire

The fabrication steps for niobium on sapphire or silicon are shown in figure E.1. The
parameters of the single steps are given in table E.2.

A niobium hybrid ring with a thin (200 nm) gold layer on the contacts was also fab-
ricated. This hybrid ring was necessary because niobium is very difficult to solder.
The thickness of the niobium line was also 200 nm like the gold layer. The fabrication
steps are shown in figure E.2
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Figure E.1: Overview of the fabrication process for niobium on silicon or sapphire

process step process parameters

sputtering niobium process pressure: 2.7 · 10−3 mbar
power 200 W
Ar flow rate: 10 sccm/min
duration: 60 s presputtering, 600 s for 200 nm, 1500 s
for 500 nm, 3000 s for 1µm thickness

evaporating gold process voltage: 8.5 kV
temperature: room temperature
purity of gold: 5N
rate: 5 Å/s
emission current: 68 mA
filament current: 28-29 A
process pressure: 4.1 · 10−7 mbar
duration: 6:40 min for 200 nm

spin-coat the resist resist: AZ c© 5214E image reversal photoresist
spin speed 4000 rpm @ 3 s, 8000 rpm @ 1 min

hot plates soft bake: 110◦C @ 70 s
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process step process parameters

exposure mask aligner (MJB3, Karl Süss GmbH)
exposure of edge wall: 15 s
mask exposure: 4 s

developing developer: AZ c© developer 20 ml stirred with 20 ml
H2O
developing of edge wall: 1 min
developing process: 2 min

etching (chemical) gold KI− I2 (25◦C @ ca. 20 s)

etching (physical) nio-
bium

Reactive Ion Etching (RIE) (Plasmalab 80 Plus, Ox-
ford Instruments Inc.)
argon flow rate: 10 sccm/min
SF6 flow rate: 20 sccm/min
APC controller: set pressure: 15 mTorr, set position:
0, strike pressure: 30 mTorr, ramp rate: 5 mTorr/s
ICP forward power: 50 W
RF forward power: 100 W
duration: 2:10 min - 3 min

ashing Reactive Ion Etching (RIE) (Plasmalab 80 Plus, Ox-
ford Instruments Inc.)
O2 flow rate: 50 sccm/min
APC controller: set pressure: 5 mTorr, set position:
0, strike pressure: 50 mTorr, ramp rate: 0 mTorr/s
ICP forward power: 0 W
RF forward power: 100 W
duration: 2:30 min - 3 min

Table E.2: details of fabrication process for niobium on sapphire or silicon

Gold on Silicon

MSH Au consists of a 200 nm thick gold line on a 525µm thick silicon substrate that
has no oxide layer. The fabrication procedure is show in figure E.3 and the details
are listed is E.3.
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Figure E.2: Overview of the fabrication process for niobium on silicon with a gold layer
for soldering

process step process parameters

sputtering chromium Med 020 Choating System, Bal-Tec Ag
process pressure: 5 · 10−2 mbar
current: 120 mA
duration: 18 s for 3 nm, thickness

sputtering gold Med 020 Choating System, Bal-Tec Ag
process pressure: 5 · 10−2 mbar
current: 45 mA
duration: 291 s for 200 nm, thickness

spin-coat the resist resist: AZ c© image reversal photoresist
spin speed 4000 rpm @ 3 s, 8000 rpm @ 1 min
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process step process parameters

hot plates soft bake: 110◦C @ 70 s

exposure mask aligner (MJB3, Karl Süss GmbH)
exposure of edge wall: 15 s
mask exposure: 4 s

developing developer: AZ c© developer 20 ml stirred with 20 ml
H2O
developing of edge wall: 1 min
developing process: 2 min

etching (physical) Ion Etching
process pressure: 4.2 · 10−5 mbar
EAr: 500 eV
cathode filament current: 4.56 A
discharge current: 0.25 A, discharge voltage: 53,6 V
beam current: 12 mA, beam voltage: 500 V
accelerator current: 0 mA, accelerator voltage: 350 V
neutralizer emission current: 15 mA
filament current: 4.5 A
duration: 10 min

ashing Reactive Ion Etching (RIE) (Plasmalab 80 Plus, Ox-
ford Instruments Inc.)
O2 flow rate: 50 sccm/min
APC controller: set pressure: 5 mTorr, set position:
0, strike pressure: 50 mTorr, ramp rate: 0 mTorr/s
ICP forward power: 0 W
RF forward power: 100 W
duration: 10 s

Table E.3: details of fabrication process for gold on silicon

Copper on PTFE/Ceramic

MSH Cu is made out of RO3010 substrate of Rogers Corporation. This substrate
has 17.5µm copper layers on each side. Thus, sputtering is unnecessary. The optical
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Figure E.3: Overview of the fabrication process for gold on silicon

lithography process is basically the same as for the other samples but with other
timescales. Therefore removing the edge wall can be left out. The other fabrica-
tion processes include dry etching whereas the MSH Cu sample is etched in KI− I2

dilution.
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Figure E.4: Overview of the fabrication process of the copper on PTFE/ceramic sample

process step process parameters

spin-coat the resist resist: AZ c© image reversal photoresist
spin speed 4000 rpm @ 3 s, 8000 rpm @ 1 min

hot plates soft bake: 110◦C @ 70 s
backing: 140◦C @10 min, controlled cooling till 70◦C
within 1 h

exposure mask aligner (MJB3, Karl Süss GmbH)
duration: 19 s

developing developer: AZ c© developer 20 ml stirred with 20 ml
H2O
duration: 45 s

etching (chemical) Na2S2O8 100 g : 0.5 l H2O (45◦C @ ca. 7 min)

Table E.4: details of fabrication process for copper on teflon/ceramic
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F Technical Drawings

The drawings in F.1 and F.2 show the box and the box cover for the hybrid rings. It
was machined in the WMI workshop. The technical drawing of the sample box for
the H 3 hybrid ring can be found in [24]. The tolerances given are already at the limit
of what can be produced. As the achievable accuracy of the substrate dimensions is
below the accuracy of the sample holder, the dimensions of the sample holder have
been adapted to those of the substrate.
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Figure F.1: Technical drawing of the measurement box. Dimensions are given in mm
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Figure F.2: Technical drawing of the box cover. Dimensions are give in mm
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Bei Dr. Achim Marx möchte ich mich für die Hilfestellungen und Diskusionen be-
danken. Auch wenn es zu kritischen Situationen kam, behielt er einen kühlen Kopf
(obwohl es im Labor schon kalt genug war). Auch möchte ich mich für das Korrek-
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