
Institut für Elektrische Messtechnik und
Grundlagen der Elektrotechnik

Prof. Dr. Meinhard Schilling

Berichte aus dem

Hrsg.

Band 77

Hao Tian

Development of RF power dividers  
for highly integrated circuits of  
AC Josephson voltage standards





Development of RF power dividers for highly
integrated circuits of AC Josephson voltage

standards

Von der Fakultät für Elektrotechnik, Informationstechnik, Physik
der Technischen Universität Carolo-Wilhelmina zu Braunschweig

zur Erlangung des Grades eines Doktors
der Ingenieurwissenschaften (Dr.-Ing.)

genehmigte Dissertation

von Hao Tian
aus Fushun, China

eingereicht am: 14. April 2022
mündliche Prüfung am: 15. Juli 2022

1. Referent: PD Dr.-Ing. Thomas Kleine-Ostmann
2. Referent: Prof. Dr. rer. nat. Meinhard Schilling

Druckjahr: 2022



Dissertation an der Technischen Universität Braunschweig, 

Fakultät für Elektrotechnik, Informationstechnik, Physik 

 

 

 

 

 

 

 

 

 

 

 

 

Bibliografische Information der Deutschen Nationalbibliothek 
Die Deutsche Nationalbibliothek verzeichnet diese Publikation in der 
Deutschen Nationalbibliografie; detaillierte bibliografische Daten sind im 
Internet über <http://dnb.ddb.de> abrufbar. 
 
 
ISBN:   978-3-96729-176-6 
Zugl.: Braunschweig, Techn.-Univ., Diss., 2022 

Dissertation, Technische Universität Carolo-Wilhelmina zu Braunschweig 
 
 
Dieses Werk ist urheberrechtlich geschützt. 
Alle Rechte, auch die der Übersetzung, des Nachdruckes und der Vervielfältigung des 
Buches, oder Teilen daraus, vorbehalten. Kein Teil des Werkes darf ohne schriftliche 
Genehmigung des Verlages in irgendeiner Form reproduziert oder unter Verwendung 
elektronischer Systeme verarbeitet, vervielfältigt oder verbreitet werden. 
 
Die Wiedergabe von Gebrauchsnamen, Warenbezeichnungen, usw. in diesem Werk 
berechtigt auch ohne besondere Kennzeichnung nicht zu der Annahme, dass solche Namen 
im Sinne der Warenzeichen- und Markenschutz-Gesetzgebung als frei zu betrachten wären 
und daher von jedermann benutzt werden dürfen. 
 
This document is protected by copyright law. 
No part of this document may be reproduced in any form by any means without prior 
written authorization of the publisher.  

 
 

Alle Rechte vorbehalten  |  all rights reserved 
 Mensch und Buch Verlag 2022 Choriner Str. 85 - 10119 Berlin 

verlag@menschundbuch.de – www.menschundbuch.de



Abstract

Abstract
The Josephson Arbitrary Waveform Synthesizer (JAWS) generates spectrally pure

quantized AC voltages. It is also called pulse-driven AC Josephson voltage stan-
dard. To simplify the existing experimental set-up of the JAWS by reducing the
number of RF cables at room temperature, to lower the cost of Pulse Pattern Gen-
erator and to increase the output voltage of JAWS in the future, on-chip RF power
dividers were developed and continuously optimized. This thesis investigates
the on-chip power dividers for JAWS focusing on the numerical simulation, its
fabrication process, and measurement of the integrated circuits at 4 K.

In this work, there were three iteration steps in the circuit development. Firstly,
two different types of RF power dividers were developed: the two-stage serial-
parallel and the one-stage Wilkinson power divider. The outputs of the power
dividers were integrated with bias-tee circuits and series arrays of non-stacked
SNS type Josephson junctions (S: superconductor (Nb), N: normal metal (NbxSi1−x)).
Both types of power dividers were successfully integrated into JAWS. With the
Wilkinson power divider, output AC voltages of 18 mV (RMS) were obtained at a
clock frequency of 15 GHz combined with a test array of 1,000 Josephson junctions.
The test chip containing the serial-parallel power divider and a test array of 2,000
Josephson junctions generated RMS output voltages of 22 mV.

In the second step, gained knowledge was used. And two new modified broad-
band Wilkinson power dividers were investigated: the one-stage three-section
Wilkinson power divider has extended bandwidth compared to one-stage single-
section Wilkinson divider; the two-stage single-section Wilkinson divider has no
phase shift and good isolation between the outputs in contrast to the two-stage
serial-parallel power divider. Both modified dividers were integrated with triple-
stacked Josephson junction series arrays successfully. Spectrally pure sinusoidal
waveforms were also successfully synthesized with both types of power dividers.
With the one-stage three-section Wilkinson power divider combined with a test ar-
ray of 3,000 Josephson junctions, a RMS voltage of nearly 53 mV was obtained at a
clock frequency of 15 GHz. As for the two-stage single-section Wilkinson power di-
vider combined with a test array of 6,000 Josephson junctions, RMS output voltages
of about 105 mV was generated.

To further increase the synthesized AC output voltage, the two-stage serial-
parallel power divider and one-stage single-section Wilkinson divider were finally
integrated with larger Josephson junction arrays (maximum 20,400 junctions per
RF channel). The experimental results demonstrates a significant step forward. So
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far, a maximum RMS voltage of 600 mV per JAWS chip (300 mV per RF channel)
has been realized. This represents a significant improvement over previous JAWS
circuits and can be improved even further in the future.



Kurzfassung

Kurzfassung
Der Josephson-Arbiträrwellengenerator (JAWS) ermöglicht die Erzeugung spek-

tral reiner quantisierter AC-Spannungen. Er wird auch als pulsgetriebenes AC-
Josephson-Spannungsnormal bezeichnet. Um den bestehenden Messaufbau des
JAWS durch Reduzierung der Anzahl der HF-Kabel bei Raumtemperatur zu ver-
einfachen, die Kosten des Pulsmustergenerators zu senken und die Ausgangs-
spannung des JAWS in Zukunft zu erhöhen, wurden On-Chip-HF-Leistungsteiler
entwickelt und kontinuierlich optimiert. In dieser Arbeit werden diese On-Chip-
Leistungsteiler für JAWS hinsichtlich der numerischen Simulation, ihres Herstel-
lungsprozesses und der Messung der integrierten Schaltungen bei 4 K untersucht.

In dieser Arbeit gab es drei Iterationsschritte in der Schaltungsentwicklung.
Im ersten Schritt wurden zwei unterschiedliche Typen von HF-Leistungsteilern
entwickelt: der zweistufige Seriell-Parallel-Teiler und der einstufige ein-Sektion
Wilkinson-Teiler. Die Ausgänge der Teiler wurden mit Bias-Tee-Schaltungen und
Reihenschaltungen aus ungestapelten SNS-Josephson-Kontakten integriert. (S: Su-
praleiter (Nb), N: Normalleiter (NbxSi1− x)). Beide Arten von Leistungsteilern wur-
den erfolgreich in JAWS integriert. Mit insgesamt 1.000 Kontakten und einstufigem
Wilkinson-Teiler wurden spektral reine Sinuswellen mit effektiven Ausgangsspan-
nungen von 18 mV bei einer Taktfrequenz von 15 GHz erfolgreich synthetisiert.
Der Test-Chip mit dem seriell-parallelen Teiler und einer Testschaltung von 2.000
Josephson-Kontakten erzeugte effektive Ausgangsspannungen von 22 mV.

Im zweiten Schritt wurden die gewonnenen Erkenntnisse genutzt, um zwei
neue modifizierte breitbandige Wilkinson-Teiler zu entwerfen: Der einstufige Drei-
Sektionen-Wilkinson-Teiler hat erweiterte Bandbreite im Vergleich zum einstufi-
gen Ein-Sektion-Wilkinson-Teiler; der zweistufige Ein-Sektion-Wilkinson-Teiler hat
keine Phaseverschiebung und gute Isolation zwischen den Ausgängen gegenüber
dem zweistufigen Seriell-Parallel-Teiler. Beide modifizierten Teiler wurden in Rei-
henschaltungen mit dreifach gestapelten Josephson-Kontakten integriert. Spektral
reine Sinuswellenformen wurden mit beiden Leistungsteilern erfolgreich synthe-
tisiert. Mit dem einstufigen Drei-Sektionen-Wilkinson-Leistungsteiler und 3.000
Kontakten wurden spektral reine Wellenformen mit effektiven Ausgangsspannun-
gen von 53 mV bei einer Taktfrequenz von 15 GHz synthetisiert. Der JAWS-Chip mit
zweistufigem Wilkinson-Leistungsteiler und insgesamt 6.000 Kontakten erzeugte
spektral reine Sinuswellen mit effektiven Ausgangsspannungen von 105 mV.

Um die synthetisierte AC-Ausgangsspannung weiter zu erhöhen, wurden an-
schließend der zweistufige Seriell-Parallel-Teiler und der einstufige Ein-Sektion-
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Wilkinson-Teiler mit großen Josephson-Reihenschaltungen integriert (max. 20.400
Kontakten pro HF-Kanal). Das Messergebnis stellt einen großen Schritt voran dar.
So konnte eine maximale effektive Ausgangsspannung von 600 mV pro JAWS-Chip
(300 mV pro HF-Kanal) erzeugt werden. Dies stellt eine signifikante Verbesserung
gegenüber bisherigen JAWS-Schaltungen dar und kann perspektivisch noch weiter
verbessert werden.
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1. Introduction

1. Introduction
A quantum-accuracy voltage source is highly required in the field of voltage

metrology. The AC Josephson Voltage Standard (JVS) [1] enables the realization
of the unit of voltage, the volt, to only depend on the applied frequency and
fundamental physical constants. The AC JVS is a complex quantum electric sys-
tem, in which a superconductive RF integrated circuit chip containing thousands
of Josephson junctions (JJs) is operated at low temperature of 4 K. It represents a
fascinating combination of superconductivity, quantum electronics and RF technol-
ogy. This superconducting chip at 4 K generates quantized voltages with relative
uncertainties of better than 1.2 parts in 108 [2] for AC measurements.

The most important systems for AC voltage metrology are the programmable
Josephson Voltage Standard (PJVS), which is based on the variable binary sequences
of JJ series array and the JAWS, which is based on a JJ series array driven by bipolar
pulses with variable repetition frequencies. The JAWS, or pulse-driven Joseph-
son Voltage Standard, is a superconducting digital-to-analog converter (DAC) that
synthesizes arbitrary quantized AC voltages with very low distortion. In 1996, a
pulse-driven array of 512 Josephson junctions was firstly realized and experimen-
tally demonstrated by S. Benz at the National Institute of Standards and Technol-
ogy (NIST, USA) [3]. Nearly two decades were then needed for the successful
development of a one-volt JAWS system at NIST and the Physikalisch-Technische
Bundesanstalt (PTB, Germany) in 2014, as designing broadband RF circuits with
so many Josephson junctions is a very difficult task [4], [5]. Several improvements
and new ideas concerning Josephson junction series arrays, their operation by short
current pulses, and the measurement set-up were required for this breakthrough;
these developments have been summarized in several review papers, e.g. [6], [7],
[8], [9]. For many years, the JAWS has been widely used in various metrology
applications such as AC calibrations [10], AC-DC thermal converter measurements
[11], Johnson noise thermometry [12], [13] and integration in impedance bridge
set-ups [14], [15].

Increasing the AC synthesized voltage and exploring the quantum voltage stan-
dard further are two tasks always of great interest for metrology institutes. Up
until now at PTB, the output voltage of the JAWS still needs to be improved, as
it is difficult for all the combined JJ arrays to show common Shapiro steps with
large code amplitudes at the high available pulse repetition frequencies. The high-
est demonstrated synthesized root-mean-square (RMS) AC voltage delivered by
JAWS at PTB is 2.25 V [16]. This 2.25 V JAWS set-up is rather complex, as it con-
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tains in detail two eight-channel pulse pattern generators (PPG), 16 RF cables and
pulse amplifiers connecting with 16 Josephson junction arrays (arranged on eight
10 mm × 10 mm JAWS chips). In this system, each channel of the PPG drives only
one series array of JJs. The maximum number of JJs in one series array is 15,000 and
a maximum output voltage of 250 mV RMS per array was achieved. To exceed such
limitation, NIST applied on-chip RF power dividers, which was firstly successfully
implemented in PJVS [17]. In NIST’s JAWS system, using a two-stage broadband
Wilkinson power divider based on lumped elements, each PPG channel drives four
parallel series arrays at the same time. In this way, Flowers-Jacobs et al. achieved
an output voltage of 1 V with a single PPG channel. Operating two chips by four
PPG channels, their JAWS system has been significantly improved to achieve RMS
voltages of up to 4 V [18].

Integrating broadband on-chip power dividers into JAWS arrays has numerous
advantages. As they have more compact structures than off-chip power divider
components, they can be integrated together with the JJ series arrays onto one
chip and easily fabricated in a common thin-film process in a clean room such as
the one at PTB. Additionally, they can also be used to simplify the experimental
set-up by reducing the number of electrical pulse channels at room temperature
and even to lower the costs entailed by commercially used PPG equipment. In the
foreseeable future, if an increased performance of a larger number of JJs or even an
increased output voltage generated by a single channel of the PPG is desired, it is
very essential to develop broadband on-chip power dividers.

This dissertation investigates on-chip power dividers for JAWS circuits and fo-
cuses on the numerical simulation of such dividers, the fabrication process of JAWS
circuits, and measurements of the integrated circuits of power dividers and Joseph-
son junction series arrays at 4 K. First, it introduces the theory and basic elements of
JAWS (Chapter II), then mainly describes the simulation of the RF on-chip power
dividers designed within the scope of this dissertation (Chapter III), integrated
JAWS circuit designs with on-chip power dividers (Chapter IV) and their fabrica-
tion process in the PTB Clean Room Center (Chapter V). Finally, the measurement
results and their discussion are presented and discussed (Chapter VI). A conclusion
and future prospects are also provided (Chapter VII).
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2. Fundamentals

2.1 Josephson effect

Based on the BCS theory by Bardeen, Cooper, and Schrieffer [19], the British
physicist Brian David Josephson investigated the behavior of two weakly coupled
superconductors [20]. He predicted two effects due to the tunneling of Cooper
pairs across the connection: (1) The DC Josephson effect. It describes a dc su-
percurrent flows across this junction at a zero voltage. (2) The AC Josephson
effect. It shows that an ac supercurrent of well defined frequency occurs if the
junction is operated at a non-zero voltage. This connection between two super-
conductors is often linked by a thin isolator or normal conductor barrier. Such
superconductor-insulator/normal conductor-superconductor "sandwich" is called
a Josephson junction. The current that flows across the barrier is called the Joseph-
son current.

2.1.1 Josephson equations

The basic equations that govern the dynamics of the Josephson effect are [21],
[22]:

I(t) = Ic sin(φ(t)) (1)

V(t) =
~

2e
∂φ

∂t
(2)

where V(t) and I(t) are the voltage and current across the junction, φ(t) is the
phase difference of the wavefunctions across the junction, Ic is its critical current.
The letter h is Planck’s constant with ~ = h

2π and e is the elementary charge. By
inserting the 2nd Josephson equation into the 1st Josephson equation, the following
equation is obtained:

I = Ic sin(2π fJt +φ0) (3)

where 2π fJ is the Josephson angular frequency and fJ is the Josephson frequency.
When the junction is irradiated by external microwaves with a frequency f

vice versa, it produces constant-voltage steps due to the phase locking of the
Josephson oscillator by the external oscillator. These constant-voltage steps were
observed soon after by Shapiro [23]. The frequency f can be traced back very
precisely to the Cesium-based atomic clock [24]. Modern Cesium-based atomic
clocks have a frequency uncertainty of only 10−14 to 10−16. Based on the Josephson
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Figure 1. Circuit scheme of the RCSJ model by Stewart and McCumber according
to [26], [27].

equations, frequency is converted into voltage precisely. The constant voltage steps
are established across the Josephson junction with the time average:

Vn = n Φ0 f (4)

where n is the number of the voltage step or better known as the order of Shapiro
steps (n = 1, 2, 3, . . . denotes the integer step number), and Φ0 = h

2e is the magnetic
flux quantum. The inverse of the magnetic flux quantum is often called Josephson
constant KJ = 1

Φ0
= 2e

h . In 2019, the redefinition of the International System of Units
(SI) came into force. The Planck constant and the elementary charge are among the
defining constants of the SI i.e., these constants have fixed numerical values now
[25]. The generated voltage from one transferred flux quantum is very small. For
instance, to generate an 1 V output voltage, about 484×1012 flux quanta per second
must be transfered. Thus, to develop a quantized voltage standard in metrology
many Josephson junctions must be connected in series because, for practical metrol-
ogy applications, a synthesized quantized AC output voltage should be at least a
few hundred mV (RMS).

2.1.2 Josephson junction and RCSJ model

A Josephson junction is often described using the resistively-capacitively-shunted-
junction (RCSJ) model [26], [27]. In this Stewart-McCumber model, a parallel circuit
of normal conducting resistor with junction resistance Rn, a capacitor C, and the
ideal Josephson junction J is shown in Figure 1. According to Kirchhoff’s law, the
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total current flow through the circuit is described by

IDC + IAC sin(2π fJt) = IC + IR + IJ (5)

with IC = C dV(t)
dt , IR =

V(t)
Rn

, IJ = Icsin∆φ. Based on the RCSJ model, the Stewart-
McCumber parameter βc is obtained:

βc =
2e
h

Ic Rn C, (6)

where Rn is the normal state resistance of the Josephson junction. The letter βc cor-
responds to the Josephson resonance behavior or to the damping of the resonance
LC circuit. The quality factor Q is described by the ratio between the characteristic
frequency fc of the Josephson junction and its plasma frequency fplasma.

Q =
√
βc =

fc
fplasma

(7)

where fc = IcRn
Φ0

and fplasma =

√
2πIc
Φ0C

2π .
Due to their different electrical properties, Josephson junctions are divided

into two types, so-called underdamped and overdamped Josephson junctions.
They correspond to the SIS (Superconductor-Isolator-Superconductor) and SNS (
Superconductor-Normal conductor-Superconductor) junctions, respectively. Both
are the basic elements of different types of Josephson voltage standards. But they
differ in their current-voltage characteristics (IVCs), as shown in in Figure 2. Un-
der DC bias, the overdamped Josephson junction (βc� 1) has a zero or negligibly
small capacitance C and a low resistance Rn. Its IVCs are nearly free of hysteresis.
By contrast, the underdamped Josephson junction (βc � 1) has a high capacitance
C and a high resistance Rn. This leads to hysteric current-voltage characteristics;
under microwave irradiation, in the underdamped Josephson junction multiple
Shapiro steps are possible for the same bias current. The negative Shapiro steps
are obtained by reversing the bias current; while for the overdamped Josephson
junction, the Shapiro steps of constant voltage occur accordingly with different bias
current. It is easier to optimize its Shapiro steps through the DC bias and pulse
amplitude. Therefore, the overdamped junction is more commonly used in the
series arrays of PJVS and JAWS.

The high-frequency behavior of the Josephson junction is determined by its
characteristic voltage Vc:

Vc = IcRn (8)
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Figure 2. Current-voltage characteristics under DC bias (top) and with microwave
irradiation (bottom) of an underdamped and overdamped Josephson junction [28].

Another major parameter of the Josephson junction is the critical current density
jc:

jc =
Ic

A
(9)

where A is the area of the Josephson junction.

2.2 Josephson voltage standards: PJVS vs. JAWS

The inverse AC Josephson effect can be used as the basis of a quantum standard
for the unit of the electrical voltage: Volt [28], [29], [30]. The central part of a
Josephson voltage standard is an integrated superconducting series arrays of JJs.
The generated voltage depends only on the applied frequency and fundamental
constants as was discussed in 2.1.1 (cf. Eq. (4)). It has been proved to be the
most accurate method to generate or measure voltages. There are two AC voltage
standards, namely the Programmable Josephson Voltage Standard (PJVS) based
on binary-divided series arrays [31] and the JAWS based on pulse-driven series
arrays [3]. Although both operations generate AC voltages, their principles and
characteristics are different (see Figure 3).

The PJVS is typically operated by a continuous external microwave drive either at
20 GHz (NIST) [32] or at 70 GHz (PTB) [33]. The overdamped Josephson junctions

6



2. Fundamentals

Figure 3. Comparison of the basic principle of the PJVS and the JAWS [37].

are arranged in a binary sequence (the number of JJs per segment: 1,2,4,. . . 2n, n = 12
for 1 V circuits at PTB [34]). Each segment has its own bias current source. Later on,
by integrating with on-chip power dividers, 10 V series arrays containing 69,120
SINIS JJs [35] or JJs with NbSi-barrier JJs [33] were developed at PTB. Because of the
lower drive frequency of 20 GHz, the 10 V circuits at NIST consist of approximately
300,000 NbSi-barrier JJs [32]. The characteristic frequency of the JJs was tuned
according to the frequency of the external microwave source (e.g. 70 GHz at PTB).
The amplitude of the microwave source was adjusted in such a way that the first
Shapiro steps of JJs were wide enough. By rapidly switching the bias current
between the different array segments through a fast-programmable multi-channel
bias source, where the active number of JJs was changed, a stepwise-approximated
sine wave in time-domain was generated. It is very well suited for sampling
measurement methods (quantum voltmeter) [36].

The JAWS is based on series arrays of non-hysteric SNS Josephson junctions (JJs,
S: superconducting Nb, N: normal metal NbxSi1− x). These arrays are driven by a
high-speed digital sequence of bipolar current pulses from a pulse pattern generator
(PPG), in which the desired waveform is encoded by means of Sigma-Delta analog-
to-digital conversion. As the pulse repetition frequency fp is a variable in the time-
domain, the pulse-driven series arrays of JJs operated at 4 K enable spectrally pure
AC voltages to be synthesized in a wide frequency range from Hz to a few MHz
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[38], [10]. DC output voltages are also possible by sending pulses with a constant
pulse repetition frequency. Modern commercial PPGs are operated at data rates
up to 30 Gbit/s, resulting in pulse trains with fp ≤ 15× 109 return-to-zero (RTZ)
pulses/s.

According to the Josephson equation, the root-mean-square (RMS) value of si-
nusoidal AC output voltage and its frequency is given by:

Vrms = (
1
√

2
) AΣ∆ m n Φ0 fclock−PPG (10)

fAC =
T∆Σ fclock−PPG

LΣ∆
(11)

where m is the number of JJs, n is the order of the Shapiro steps (typically: n =

1), fclock−PPG is the clock frequency of the PPG (for return-to-zero pulses), and AΣ∆

is the code amplitude factor (0 < AΣ∆ < 1, i.e., the density of pulses in the code).
The frequency of the AC output voltage is dependent on the code length LΣ∆ and
the number of periods of the code pattern TΣ∆. Based on these equations and
theoretically calculated values, the measurement results are verified.

2.3 Investigation of power dividing solutions for JAWS

The JAWS is based on series arrays of overdamped JJs. The junctions are embed-
ded in the center conductor of the coplanar waveguide (CPW). The CPW, invented
by Cheng P. Wen [39], is widely used in microwave and millimeter-wave circuits. It
is an alternative transmission line to the microstrip line and stripline. The CPW has
several advantages over conventional microstrip line. First, it simplifies the fabri-
cation. It needs etching only on one side of a wafer. In addition, a ground plane
exists between any two adjacent lines, hence cross-talk effects between adjacent
lines are reduced. Thirdly, it has low dispersion and high design flexibility. The
coplanar waveguide has a ground-signal-ground (GSG) configuration in a common
coplanar layer. There is a narrow gap to the two ground planes on either side. The
gap in the CPW is usually quite small and supports electric fields, most of which
are concentrated in the gap.

There are basically two types of CPW: the conductor-backed coplanar waveguide
(CBCPW) and the CPW without the ground conductor. Here at PTB, we typically
used the latter for JAWS circuits. The metal layer is so thin (about 160 nm in Nb
base) that its influence on the characteristic impedance is neglectable. Based on the
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Figure 4. The 3D geometry sketch of the coplanar waveguide.

models (see Figure 4) from Hoffmann [40], the characteristic impedance and the
effective dielectric constant of a CPW can be estimated as:

Z0 =
30π
√
εe f f

K(k1)
K(k′1)

(Ω) (12)

εe f f = 1.0 +
εr−1.0

2.0

K(k
′

2)

K(k2)
K(k1)
K(k′1)

(13)

where k1 = b
d

√
d−s2

b−ss ,

k2 =
sinh πb

4h
sinh πd

4h

√
sinh2(πd

4h )− sinh2(πs
4h )

sinh2(πb
4h )− sinh2(πs

4h )
,

k
′

p =
√

1− k2
p, p = 1,2 and K(k) is the complete elliptic integral of the first kind.

In terms of wave propagation, the coplanar waveguide generally operates in a
quasi-transverse electromagnetic (Q-TEM) mode [41]. It is a hybrid mode that has
non-zero electric and magnetic fields in the direction of propagation. The center
conductor of CPW carries the signal and the wave propagates in two different
medias (air and dielectric).

As mentioned in Chapter 1, due to the attenuation of RF signal, the maximum
number of JJs in the standard JAWS array at PTB is about 15,000. In order to operate
an even larger number of JJs with one PPG-channel and increase the output voltage
generated by JAWS in the future, a broadband on-chip passive signal-dividing
component such as a power divider or a coupler should be integrated into JAWS
circuits. Equally dividing the input signal is quite important to JAWS, because the
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Divider or coupler
Resistive
power
divider

Hybrid
coupler

Wilkinson
power
divider

Serial-
parallel
power
divider

Equal dividing pos-
sible yes yes yes yes

1-stage insertion loss
(equal dividing) 6 dB 3 dB 3 dB 3 dB

Size compact large compact compact
Isolation between
outputs -6 dB -20 dB -20 dB -10 dB

Phase shift at out-
puts 0◦ 90◦ or 180◦ 0◦ 0◦or 180◦

Table 1. Comparison of possible power dividing solutions for JAWS and their
characteristics [42].

quality of the synthesized output voltages is highly dependent on the common
first Shapiro steps of each parallel JJ array. For this purpose, the following possible
power dividers and couplers were under investigation.

From the Table 1, it is observable that, for a one-stage two-way resistive power
divider, an additional 3 dB power loss is incurred over the split reduction of 3 dB
due to the extra voltage drop across the dissipative resistors (typically 16.7 Ω, one
third of the characteristic impedance of 50 Ω) [43]. Therefore, its insertion loss
already starts at 6 dB even for only one stage. Furthermore, there is very little
isolation between the output ports. Thus, this divider is not optimal.

The RF hybrid coupler has two types, the 90◦ hybrid coupler (or Quad hybrid
coupler) and the 180◦ hybrid coupler [42]. The only difference between them is
the phase shift at the output ports. The RF hybrid coupler is generally a strongly
coupled quarter-wave transmission line section with four ports, which contains one
input port, two outputs and one isolated port. It is difficult to reserve extra space on
the chip for this isolated port, as the JAWS chip has a rather limited compact space.
In addition, it has a phase difference (90◦ or 180◦) between the output ports, which
are connected to the JJ arrays. To convert the unbalanced outputs into balanced
outputs, balun structure should be designed, which also requires more space on the
chip. Other couplers such as directional couplers are best suited for applications
that require unequal division ratios. Thus, the on-chip coupler is not suitable for
the integration of JAWS circuits.
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A standard Wilkinson power divider [44] is based on two quarter-wavelength
transformers with a characteristic impedance of

√
2ZL (ZL = reference impedance).

Both branches are connected by a resistor with a value of 2ZL. This fact makes it
impossible to realize such a divider at a lower center frequency in a small design.
But the JAWS is operated in a rather high frequency range. In this case, the size
of the Wilkinson power divider remains small due to a higher center frequency.
Another advantage of this type of divider is that there is no phase shift between
the output ports. And it is also possible to make this divider even more compact
by using discrete lumped elements like NIST does [17], [45]. They have already
successfully integrated such broadband Wilkinson divider into JAWS [46].

At National Institute of Advanced Industrial Science and Technology (AIST,
Japan), a compact serial-parallel power divider without any frequency dependent
components was integrated with their PJVS circuits in 2016 [47]. For a one-stage
of this power divider, there is no phase shift at all. But if it is developed further
into a two-stage power divider, due to the ground-to-signal transition, a phase
shift of 180◦ will appear between the output ports. The isolation of the output
ports does not seem to be as good as the Wilkinson divider. But it is still worth
investigating this design in detail, because it shows a very good performance over
a large frequency range, according to the investigations performed by AIST [47].

After comparing the main advantages and drawbacks of the power dividers and
couplers, we selected two main designs that are suitable for JAWS integration: the
serial-parallel power divider and the Wilkinson power divider. Our short-term goal
was to firstly design test circuits integrating both dividers into short JAWS arrays
(500 JJs per arm), so that the divider properties are not affected by the influence of
the larger arrays. In the future, it is planned to combine the dividers with more
stacks of JJs and to extend the parallel JJ arrays for the purpose of increasing output
quantized AC voltages.
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3. Simulation of RF on-chip structures
In this chapter, various designs of broadband RF on-chip structures for the inte-

grated JAWS circuits are demonstrated in detail. It begins with the introduction of
simulation set-up and working flow in the commercial electromagnetic simulation
tool: CST Microwave (MW) Studio. The parameters of the design of the on-chip
components are very comparable to the actual fabricated circuits. The simulation
conditions are set as close as possible to simulate the conditions of the supercon-
ducting circuits in the cryogenic measurement. Each structure in this chapter is
created in 3D with full parameterization. Their characteristics and simulated re-
sults are analyzed and discussed in each section. It is the most important part of
the development of the integrated JAWS circuits, including the design concept, the
virtual simulation process and analysis of the simulated results.

3.1 CST Microwave Studio simulation

Simulation allows engineers to experiment with virtual prototypes at the earliest
stages of design process, to compare the performance of different configurations,
and to optimize designs. Simulation can also reduce the number of physical pro-
totypes required, cutting both time and costs. The on-chip miniature structures
designed for JAWS are not simple structures at DC. They require high accuracy
and good performance in a very large bandwidth. Therefore, a three-dimensional
volume based computational electromagnetics tool like CST MW studio or HFSS
should be utilized. Before starting the simulation, it is very necessary to con-
sider technical feasibility and size limitation in the fabrication. By running the
simulations, results of the structure (impedance matching, wave propagation, S-
parameters, etc) are completely visualized for the designer. According to these
results, the designs are further optimized and design mistakes are avoided before
starting the wafer fabrication.

3.1.1 Background of CST Microwave Studio

All the designs of on-chip power dividers and other passive components in this
work are accomplished in CST MW studio. CST MW studio by Dassault Systems is
a commercial software package for 3D model designs and electromagnetic analysis
in a high frequency range [48]. This software allows components such as antennas,
filters, couplers, multi-layer structures and more to be designed and analyzed. It
contains various simulation techniques (transient solver, frequency domain solver,
eigenmode solver, etc) to suit various applications. These solvers are based on
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Layer Material Thickness (µm)
Nb wiring PEC 0.6
SiO2 insulator (εr = 4) SiO2 0.4 or 0.6
Nb vias PEC 0.4
Nb base electrode PEC 0.16
Si substrate (εr = 11.9) Silicon 380

Table 2. Material definition and thickness of each layer of the on-chip structures in
the CST Microwave Studio. These parameters are very close to the fabrication and
measurement condition at 4 K.

solving Maxwell’s equations in different forms. For example, the transient solver
is based on the Finite Integration Technique and calculates the fields step by step
through time.

3.1.2 The design flow and simulation set-up

The maximum input pulse repetition frequency to the on-chip power divider
is 15 GHz (RTZ pulses) or a data rate of 30 Gbit/s. The 3D-structure was hence
simulated over a frequency range from 0 to 30 GHz with a center frequency of
15 GHz. The 3D structure was defined by a full parameterization of the structure
modeler. Table 2 lists the materials and parameters defined in the simulation set-
up. The characteristic impedance of the CPW and coplanar stripline (CPS) were
calculated by Matlab codes (see Appendix A and Appendix B).

To simulate the 3D-models correctly and observe their results, the user should
follow the entire simulation procedure. A complete process of running a simula-
tion is summarized in a flow chart (see Figure 5). Typically, magnetic boundary
conditions were used to model the power dividers, because the superconducting
chip is mounted in a cryoperm shield during the measurement, which is cylindrical
in geometry (about 4.5 cm in diameter and 17.8 cm in length). Due to the fact that
there is no superconducting Nb material at 4 K in CST-settings, we used the perfect
electrical conductor (PEC) as the substitute for Nb. The environment was set to
the normal air surroundings. The mesh cells should be defined correctly to avoid
a short circuit between the Nb-base and Nb-wiring layers and not necessarily too
fine to cause a long simulation time.

In the excitation settings, waveguide ports in the model must be defined in an
appropriate size and set to the correct direction of the wave propagation to calculate
the S-parameter results. Additionally, multi-pin ports were defined, in which the
signal conductor was set to positive and the ground conductor was set to negative.
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Start

Set units and background material

Define structure

Set frequency and excitation

Set boundary conditions

Set field monitors

Start solver

Errors and warnings appear?

Analyze results

Simulation results need correction and optimization?

End

yes

no

yes

no

Figure 5. Flow chart of CST Microwave Studio design

To calculate a broadband thin-film compact structure and observe its characteristic
impedance of input/output ports, a transient solver was selected. By using the
S-parameter sweep, multiple simulations can run at one time, so that the structure
was optimized efficiently.
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Figure 6. The equivalent circuit of an equal-dividing two-stage serial-parallel power
divider based on [47].

3.2 Serial-parallel power divider

The serial-parallel power divider, proposed by Nakatsugawa and Muragucchi
[49], was firstly successfully implemented in the programmable Josephson Voltage
Standard at AIST [47].

According to the equivalent circuit of this divider in Figure 6, the microwave or
the pulse input was equally divided by connecting two parallel 100 Ω CPWs. It
is further equally divided by using two 50 Ω coplanar striplines (CPS) connected
in series, with an equivalent impedance of 100 Ω. There is a connection, realized
in the Nb wiring layer, between the ground planes of the CPW in a CPS-CPW
transition for power balance and impedance matching. The number of splitting of
this divider is usually 2n, where n is the number of stages for the power divider.
To have the same 50 Ω characteristic impedance of output ports as the input port,
n needs to be an even integer. One advantage of the serial-parallel power divider
is that it does not contain any frequency dependent components. Therefore, the
transmission coefficient is theoretically almost flat over a wide range of frequency
and it shows no resonance frequency. Another advantage of this type of power
divider is that it saves the chip area and stays compact because it does not have a
quarter-wavelength component.

Each segment of the power divider was carefully designed and numerically
simulated, then optimized. The goal of optimizing an RF design is to improve
simulated results of the signal transfer (less attenuation, less reflection, better field
distribution observed from E- or H-field monitors, etc) by changing its geometrical
parameters with the help of S-parameter sweep in CST. Figure 7 shows an example
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Figure 7. The transition from CPS to CPW with wiring bridge in CST MW Studio.

Figure 8. The transmission coefficient of CPS-CPW transition with different bridge
widths derived from S-parameter sweep in CST MW Studio.
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Figure 9. The reflection coefficients of CPS-CPW transition with different bridge
widths derived from S-parameter sweep in CST MW Studio.

of the simulation structure of the transition from CPS to CPW, which was frequently
used in the design of on-chip power dividers. For this transition, the wiring bridge
lies directly over the isolating layer for power balance of the CPW. The characteristic
impedance of both transmission lines was 50 Ω. Its 3D-model was built with
defined parameters in geometry in CST. By using the S-parameter sweep, different
widths of the wiring bridge were investigated and simulated in a sequence over a
wide frequency range.

The Figure 8 and 9 show the attenuation and reflection coefficients for different
widths of the wiring bridge. As expected, it indicates that the simulated results
improve, when the parasitic capacitance decreases. The parasitic capacitance is
corresponding to the overlapping area of the wiring bridge and the center conductor
of the CPW beneath the isolating layer. The reflection coefficient is better than -20
dB in the range of 30 GHz, as the width stays around 5 µm.

After each segment of this divider was simulated and optimized, the complete
two-stage version (see Figure 10) of this power divider with combination of all
segments was simulated. To match the JAWS arrays at PTB as good as possible and
avoid impedance mismatch, the geometry and electrical length of the design were
adjusted and optimized. The segments of this divider have a different geometry
and electrical length from the Japanese design to match the JJ arrays in JAWS. The
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Figure 10. 3D model of serial-parallel power divider designed in CST MW Studio.

size of this divider design (without the input taper and the JJ arrays) is about 1078
µm × 795 µm. In the simulation set-up, input port 1 and outputs port 2-5 were
created and defined.

The simulation result in Figure 11 shows that the transmission coefficients are
very close to the theoretical value -6 dB (results similar to [47]) and the reflection
coefficient S11 is smaller than -19 dB. The transmission coefficients behave com-
parably: S21 = S51 and S31 = S41, because the designed structure is symmetrical.
The amplitude balance of transmission coefficients, which represents the difference
between power levels at the output ports, is smaller than 0.6 dB in the frequency
range of 30 GHz.

However, the isolation between each port is not guaranteed due to its own
characteristics. The output port 2 was simulated as an example. Figure 12 shows
the isolation between port 2 and port 3 (S32), the isolation between port 2 and port 4
(S42) and the isolation between port 2 and port 5 (S52). It indicates that the isolation
of the ports next to each other (S32, S43 and S54) is not ideal. From 0 to 23 GHz S32 is
higher than -10 dB. Such characteristic could affect the results of the measurement,
when all output ports are connected with parallel JJ series arrays operated under
pulse modulation. It will be further discussed in Chapter 6. It is also observed that
S21 and S51 of this power divider have a 180◦ phase shift compared to S31 and S41,
which is depicted in Figure 13. Such phase difference of the output ports is also
quite critical to the circuit design integrated with JJ arrays, which will be discussed
later in Chapter 4.
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Figure 11. Numerically calculated transmission coefficients (red axis) and reflection
coefficient (blue axis) of the serial-parallel power divider in CST MW Studio.

Figure 12. Simulated results of the isolation between ports of the serial-parallel
power divider.

20



3. Simulation of RF on-chip structures

Figure 13. Simulated results of the phase between output ports of the serial- parallel
power divider.

3.3 Conventional Wilkinson power divider

NIST has successfully integrated on-chip Wilkinson power dividers with lumped
elements into their JAWS arrays [46]. For the preliminary test a conventional
Wilkinson power divider using a 1

4λ resonator was designed based on the equiva-
lent circuit model in Figure 14. It is basically a one-stage single-section Wilkinson
power divider. To save the area of the chip, the CPS right-angle bending [50]
and CPW bending [51] were used for the quarter-wavelength resonator. The size
of this Wilkinson power divider is 1900 µm × 1500 µm, which is larger than the
NIST’s design, but still relative compact. Figure 15 shows the port definition and its
parameter of each section in the one-stage single-section Wilkinson power divider.

The bandwidth of the one-stage single-section Wilkinson power divider is a bit
narrower than that of serial-parallel power divider (see Figure 16). But, due to its
very simplified structure, it is quite easy to design and fabricate. The Wilkinson
power divider has an isolation resistor between the output ports to prevent that the
reflected waves move back towards the input port and degrade the performance.
Therefore, it has a good isolation between port 2 and port 3 next to each other. The
S32 is better than -15 dB over a wide frequency range, as expected from the theory.
Figure 17 indicates the Wilkinson power divider has fully balanced outputs. Hence,
there is no phase shift between S21 and S31. This is a feature for all Wilkinson-type
power dividers.
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Figure 14. The equivalent circuit scheme of an equal-dividing one-stage conven-
tional Wilkinson power divider. The isolation resistor is calculated by R = 2Zo,
where Zo is the characteristic impedance of the input and output ports.

Figure 15. 3D model of the conventional Wilkinson power divider designed in CST
MW Studio.
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Figure 16. Numerically calculated transmission coefficients (red axis), reflection
coefficient and isolation (blue axis) of the conventional Wilkinson power divider.

Figure 17. Simulated results of the phase between output ports of the conventional
Wilkinson power divider.
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Figure 18. 3D model of the one-stage three-section Wilkinson power divider de-
signed in CST MW Studio.

3.4 Modified Wilkinson power divider

According to simulated results in section 3.2 and 3.3, the very compact two-stage
serial-parallel power divider has a broadband performance, but the isolation values
between output ports is not good enough. The one-stage single-section Wilkinson
power divider has a good isolation of output ports, but its bandwidth is not as
wide as the serial-parallel power divider. To improve this condition and increase
the output voltage of JAWS, two new modified on-chip Wilkinson power dividers
were subsequently designed and numerically simulated in CST MW Studio: the
one-stage three-section Wilkinson power divider with an extended bandwidth
and the two-stage single-section Wilkinson power divider with four ports in good
isolation to connect with four JJ series arrays instead of two. The simulation set-up
was similar to that of the one-stage single-section Wilkinson power divider.

3.4.1 One-stage three-section Wilkinson power divider

A one-stage three-section Wilkinson power divider based on binomial trans-
former [52] was developed to increase the bandwidth of the one-stage single-section
Wilkinson power divider, , as shown in Figure 18. To keep its size in an appro-
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Figure 19. Numerically calculated transmission coefficients (red axis) and reflec-
tion coefficient (blue axis) of the one-stage three-section Wilkinson power divider
compared with the one-stage single-section Wilkinson power divider in section 3.3.

priate range, the CPS-bending and CPS-CPW transition structures were applied.
According to the theory and equations of [52], each section has an equal electrical
length of 1

4λ with a center frequency of 15 GHz. The characteristic impedances
(Z) of each three sections were calculated to be Z1 = 91.7 Ω, Z2 = 70.7 Ω, and
Z3 = 54.5 Ω. In this design, three isolated resistors were placed at each end of
the section to prevent that the reflected waves return towards the input port and
degrade the performance. They were calculated based on the equations from [53]
and optimized in the simulation. The goal of increasing the bandwidth results in
the design size of about 3900 µm × 1900 µm, which is considerably larger than our
previous conventional Wilkinson divider. The structure is symmetrical. The input
port 1 and the output ports 2 and 3 were created in the simulation set-up. Different
models were designed and optimized using S-parameter sweep.

In Figure 19, the simulated results showed that the transmission coefficients S21,
S31 are close to the theoretical value of -3 dB. The amplitude balance of this divider
is smaller than 0.01 dB within 30 GHz. The reflection coefficient S11 is smaller than
-15 dB from 8 GHz to 25 GHz. It has three resonance frequencies with a center
frequency of 15 GHz. Thus, its bandwidth has significantly increased compared
to the one-stage single-section Wilkinson power divider (Figure 16) and two-stage
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Figure 20. 3D model of the two-stage single-section Wilkinson power divider
designed in CST MW Studio

single-section Wilkinson power divider (Figure 21). There is no phase change in
the output ports. Like the conventional Wilkinson divider in section 3.3, it also has
a good isolation between port 2 and port 3.

3.4.2 Two-stage single-section Wilkinson power divider

The previous two-stage serial parallel power divider has shown quite a broad-
band performance, but the output ports have phase shift and the weak isolation.
To improve these, a two-stage single-section Wilkinson power divider was created
based on the one-stage single-section Wilkinson power divider (Figure 20). It has
a 1

4λ resonator for each stage with a center frequency of 15 GHz. To save chip area,
the CPS bending and CPS-CPW structures were applied. This improved design
enables us to operate four parallel JJ series arrays with one RF channel. The size of
this power divider is about 3000 µm × 3100 µm. In the simulation, the input port
1 and output ports 2-5 were defined.

From Figure 21, it is observed that due to the symmetrical structure, the transmis-
sion coefficients are well below -6 dB with S21 = S51 and S31 = S41. The amplitude
balance of transmission coefficients is smaller than 1 dB in the frequency range of
30 GHz. The phase of all output ports is identical. The reflection coefficient S11 is
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Figure 21. Numerically calculated transmission coefficients and reflection coeffi-
cient of the two-stage single-section Wilkinson power divider.

very small around the center frequency of 15 GHz. Its bandwidth is a bit narrower
compared to the multi-section Wilkinson power divider and serial-parallel power
divider, because there is only one 1

4λ resonator for each stage of this divider. But it
is broadband enough for the JAWS application and still has a good matching from
9 GHz to 18 GHz.

3.5 On-chip DC block capacitor

On-chip DC-block capacitors are used to separate the low frequency bias signal
from the RF microwave or pulse signal and give galvanic isolation of the individual
JJ arrays. For that purpose, two designs were possible: the inner DC-block capacitor
and the inner-outer DC-block capacitor. They both have metal-insulator-metal
(MIM) structure. The simulated results suggested that the capacitance of the inner
DC-block capacitor is not large enough. Its 3 dB cutoff frequency lie at a few GHz
range. This will affect and disturb the pulse transfer at higher frequencies. Thus,
an inner-outer DC-block capacitor was designed to achieve a 3 dB cutoff frequency
at a few hundred MHz range. In this structure, a thin dielectric layer (PECVD
SiO2) is arranged between two parallel conductive plates (Nb). PECVD stands for
Plasma Enhanced Chemical Vapor Deposition. The overlapping area must be large
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Figure 22. 3D model of the on-chip MIM thin film capacitor with dielectric thickness
of 400 nm in CST MW Studio. The overlapping area (capacitor) is marked in red
diamonds.

enough to have a lower cutoff frequency and not be too large to take up the entire
chip area.

The capacitance of a parallel-plate capacitor is defined as:

C = ε0εr
Acap

d
(14)

where ε0 is a constant, the permittivity of free space
εr is dielectric constant of the isolating material
Acap is the overlapping area of the parallel plate
d is the thickness of the dielectric material.
In the simulation, 3D structures of parallel plate capacitors with different shapes

in geometry were designed and simulated in a wide frequency range of 30 GHz. As
an example of the design in Figure 22, the overlapping area of this capacitor has a
typical 500µm electrical length with a geometry given by G/S/G = 120µm/85µm/120
µm. Calculated from the equation, its capacitance is 3.76 pF (inner) and 10.62 pF
(outer). Each end of the DC-block capacitor was tapered to match the characteristic
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Figure 23. The numerical simulated S-parameters of the on-chip DC-block capacitor
from Figure 22.

impedance of JAWS arrays with a taper length of 150 µm. The PECVD SiO2 has a
low dielectric constant of 4 [54]. The dielectric material with a low permittivity has
low ability to polarize and hold charge. It is an appropriate insulator for isolating
the signal-carrying conductors from each other.

The simulation results (in Figure 23) show that the design has a really wide
bandwidth. The transferred signal at high frequencies is not disturbed or blocked.
As it is a symmetrical structure, the transmission coefficients (S12 = S21) have only a
small attenuation of about 0.1 dB. The reflection coefficients (S22 = S11) is better than
-15 dB from 2.5 GHz to 30 GHz. The 3 dB cutoff frequency lies around 580 MHz,
which is comparable to the bow-tie DC-block capacitor from NIST [55]. When
triple stacked junctions are fabricated, the thickness of the dielectric layer (PECVD
SiO2) increases up to 600 nm, which causes the 3 dB cutoff frequency to migrate
to around 870 MHz in the simulation. Such slight change does not seem to affect
the actual synthesis of the AC output voltage in the measurement, which will be
discussed in Chapter 6. In the case of 4 or more stacked junctions, the thickness
of the isolation layer has changed significantly. To keep the 3 dB cut-off frequency
still in the MHz range, the overlapping area of the DC-block capacitors must be
increased.
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3.6 Impedance matching

When more JJs are to be embedded into the CPW circuits to increase the synthe-
sized AC output voltage, it is suggested to create a meander CPW circuit to make
use of the free space of the limited chip area. Two extra wiring bridges were added
at both ends of the arc-shaped CPW circuits for the power balance and avoiding
the slot-line mode in the CPW. The models of meander CPW circuits with wiring
bridges are quite easy to create and to simulate the results. But it is not possible to
simulate the Josephson junctions in the CST software, because there is no NbxSi1−x

in its material library or no superconductivity in CST, and it is also very difficult to
find a suitable substitute for the barrier material by the user.

In the standard JAWS array, a large number of JJs were embedded in the CPW
circuit. In the case of too much dissipation in the JJ array, the junctions at the end
receive too little microwave power in comparison with the junctions at the front.
To compensate for the junction attenuation, tapered impedance transmission lines
were applied to maintain a almost constant microwave current along the array [56].
Typical meander extended CPW circuits were developed to save the chip area. For
instance, the CPW circuit from [57] has slightly changed characteristic impedance
from the start (50 Ω) to the end (37 Ω) to compensate the attenuation along the
JJ array. Similar structures were also applied in the integrated JAWS circuit with
power dividers for the same purpose. The characteristic impedance at the CPW
end, which is considered as load impedance, should be carefully chosen because
this value has a certain limit. One of the reasons is the technical difficulty in fabri-
cating the thin gap of CPW reliably and reproducible in the clean room. To lower
the characteristic impedance of CPW, the gap between the signal conductor and
the ground conductors must be decreased. With the current fabrication technology
at PTB, it is advisable to manufacture the CPW with a gap of around 3.6 µm for
the optimal fabrication yield. Any gap lower than 3.6 µm results in the risk of
generating defect structures in the fabrication; the other reason for not lowering
the load impedance too much is the impedance matching. In theory, if the load
impedance does not match with the transmission line impedance, then part of the
traveling wave is reflected back towards the input source and combines with the
incident waves to produce standing waves. The indicator for this is the reflection
coefficient and the Voltage Standing Wave Ratio (VSWR) . The reflection coefficient
(Γ) is the characteristic impedance [39]:

Γ = |
ZL−Zo

ZL + Zo
| (15)
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(a) Case 1: 50 Ω match to
50 Ω terminated by 50 Ω
resistor as a reference.

(b) Case 2: 50 Ω match to
44 Ω terminated by 44 Ω
resistor.

(c) Case 3: 50 Ω match to
37 Ω terminated by 37 Ω
resistor.

Figure 24. Three different models of meander CPWs. An arc-shaped structure and
taper was connected with two CPW circuits.

VSWR = |
1 + |Γ|

1− |Γ|
| (16)

where Z0 characteristic impedance of the transmission line (50 Ω in this case), ZL is
load impedance. Theoretically Γ = 0 and VSWR = 1 hold for a matched impedance,
when no reflection occurs. From this equation, we know that if the chosen load
resistance is too far away from the input impedance, the input signal will be mostly
reflected due to the unmatched characteristic impedance. Therefore, it is important
to study the impedance matching in the meander CPW circuit. In CST MW Studio,
three different models (see Figure 24a, 24b and 24c) were created and simulated.
The gap of each CPW at the end changes slightly to realize different characteristic
impedances (Case 1: g1 = 8.6 µm; Case 2: g2 = 5.9 µm; Case 3: g3 = 3.6 µm). Each
CPW end was terminated by its corresponding resistor.

The simulation results in Figure 25 indicate that the reflection coefficient is getting
higher, as the load impedance decreases from the characteristic impedance of the
transmission line. The simulation results are quite consistent with the theory. The
simulation result implied that it is already very difficult to have a good matching,
when the load impedance decreased to 37 Ω. It is also very challenging to fabricate
such thin gaps in the CPW circuit end. Therefore, it is determined to choose 44 Ω

for the load impedance in the test of larger JAWS arrays with power dividers.
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Figure 25. Simulated results of Case 1: 50 Ω match to 50 Ω as a reference; Case 2:
50 Ω match to 44 Ω; Case 3: 50 Ω match to 37 Ω in CST MW Studio.

3.7 Exploration for future developments of on-chip power dividers

This chapter discusses the design concept and simulated results of on-chip com-
ponents in detail. A comparison of different types of on-chip power dividers for
JAWS is summarized in Table 3. The simulated results showed that in the situation
of equal dividing, the insertion loss of one-stage power dividers begin at 3 dB and of
two-stage power dividers start at 6 dB, as expected from the theory. The two-stage
serial-parallel power divider is most broadband and compact in these dividers.
However, it has weak isolation between output ports and a phase balance of 180◦,
which needs to be considered in the circuit design integrated with JJ arrays and
array operation in the measurement. Comparatively speaking, all Wilkinson type
power dividers have a rather good isolation and no phase shift between output
ports. Among these Wilkinson type dividers, the one-stage three-section Wilkinson
power divider is more broadband than the others. Only, it has a small drawback
of its large size, because it contains three resonators. This issue can be fixed easily
by slightly extending the chip length in the circuit designs.

For the future work, there is still a huge potential in the further development
of these dividers. Based on the simulation results discussed in this chapter, two
main research possibilities are worth investigating in future. Firstly, it is possible to
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Power divider
two-stage
serial-
parallel

one-stage
single-
section
Wilkinson

one-stage
three-
section
Wilkinson

two-stage
single-
section
Wilkinson

Bandwidth
(|S11| < -15 dB) 30 GHz 10 GHz 17 GHz 9 GHz

Insertion loss > 6 dB > 3 dB > 3 dB > 6 dB
Size (µm2) 1078 × 795 1900 × 1500 3900 × 1900 3000 × 3100
Isolation be-
tween outputs weak good good good

Phase balance 180◦ 0◦ 0◦ 0◦

Table 3. Comparison of the simulated results of developed power divider and their
characteristics.

Figure 26. Sketch of the hybrid on-chip power divider for further development.

33



3. Simulation of RF on-chip structures

simplify design and fabrication by reducing the wiring bridges in the design (e.g.
substituting the CPWs for CPSs on both power dividers and JJ arrays). The CPS
is easy to bend or curve without wiring bridges. That means it has high design
flexibility. And it takes up less chip area, because it has only one ground plane.

Secondly, it is very likely to further increase the number of JJ arrays operated
by one PPG-channel. A sketch of hybrid power divider is shown as an example
(refer to Figure 26). It combines a two-stage serial-parallel power divider with
one-stage three-section (or two-section) Wilkinson power dividers. This hybrid
power divider is a three-stage divider with eight output ports altogether. It keeps
the advantages from both types of dividers: the broadband operation and good
isolation between the output ports. By implementation of this power divider, only
one PPG channel operates eight parallel JJ arrays.
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4. Integrated circuit design
This chapter introduces standard JAWS arrays and the AC coupled bias tech-

nique. Based on the standard JAWS array, different layouts of integrated circuits
containing on-chip power dividers were developed. Both short test JJ arrays and
extended large JJ arrays were integrated into the circuit.

Different designs were created in DW-2000 (Design Workshop Technology), a
physical layout software program. It has a hierarchical structure that provides a
good solution for developing the complex integrated circuits. In the hierarchy,
the design started with single elements, which were then combined into multi-
elements. These multi-elements in different hierarchies were systematically com-
bined into complete circuits. The layers of the planar structures in the circuit
were also defined accordingly. Although DW-2000 is a 2D CAD software, it is still
able to identify the different layers of circuit structures by observing the colors of
the structure: The blue color represents the Nb-base, the red color indicates the
Nb-wiring layer, and the gold color stands for the AuPd thin-film resistors. The
finished wafer designs were eventually converted into .GDS data and transferred
directly to the electron-beam (E-beam) lithographic writing system in preparation
for wafer fabrication at the clean room.

4.1 The standard JAWS array

The JJ arrays are typically operated using the AC coupled bias technique [58].
The JJ array was provided with a three-level digital high-speed pulse signal (-
1/0/+1) and a low-speed compensation bias current. In the standard JAWS array,
a bias tee circuit was applied to separate the current paths of the input pulse
signal, which includes a high-pass capacitor and low-pass inductors, as described
in Figure 27. The high-pass capacitor allows the common-mode voltage signal
across the terminated resistors to be removed. The low frequency part of the pulse
signal is transfered by extra feed lines and low-pass LCR filters, separated from
the Vout wires (not shown in this figure). This results in direct measurement of the
AC output voltage generated from the JJ array without the common-mode voltage
of the terminated resistors. Each of the LCR filters for the bias current and output
voltage is shunted in parallel by thin film resistors and connected in series with
wiring layer. The wiring is only a few micro-meters wide to minimize the parasitic
capacitance. The filter arrays were placed in identical positions at both ends of the
JJ arrays. In accordance with the literature [59], the values of the LCR filters were
determined in Table 4 [37].
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Voltage
filter Filter number 1 2 3 4 5 6

Inductance
(nH) 5 7 9 11 13 15

Shunted resistors
(Ω) 50 55 60 65 70 75

Current
filter

Filter num-
ber 1 2 3 4 5 6 7 8 9 10 11

Inductance
(nH) 5 7 9 11 13 15 17 19 21 23 25

Shunted re-
sistors (Ω) 50 50 50 50 50 50 50 50 50 50 50

Table 4. The theoretically calculated inductance value and shunted resistors in the
LCR filter design. The filter number of the voltage and current filters refers to the
description in Figure 28.

Figure 27. The circuit model of the standard Josephson junction series array.
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Figure 28. Layout of a standard JAWS chip, on which two identical JAWS series
arrays are connected with wires. The JJs are embedded in the inner conductor of
CPW. The positive and negative terminals of the voltages and currents are labeled
on the contact pads [37].

Increasing the number of junctions per array and thus the generated voltages
along the JJ array is very challenging for voltage standards. As a small amount
of the microwave power is dissipated in each Josephson junction, the microwave
power is attenuated along the JJ series array. Therefore, a single SNS series array has
a limited number of junctions: N <Zo/Rn, N is number of JJs, Zo is the characteristic
impedance and Rn is the junction normal resistance. As described in [56], in order to
compensate the attenuation along the extended meander array of JJs and make the
beginning and the end of the array receive nearly the same microwave power, the
characteristic impedance of the CPW should be gradually decreased by tapering
the CPW transmission line.

Figure 28 shows an example of a chip design containing two symmetrical stan-
dard JAWS arrays that are combined through superconducting wires on one chip
to synthesize a sum voltage of both arrays. Each JJ array was connected to a single
RF channel. A total of 3,000 JJs (multi-stacks are also possible) per RF channel
were embedded in the center conductor of the tapered meander CPW circuit. The
gap of the CPW circuit in the JJ array is gradually reduced from 8.6 µm to 3.6 µm.
Thus, its characteristic impedance starts at 50 Ω and gradually decreases to about
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37 Ω towards the end and is terminated by two parallel 100 Ω thin-film resistors
[57]. As previously indicated, in standard JAWS circuits, the maximum number of
embedded JJs per RF channel is 15,000 (30,000 JJs per chip) by applying 5-stacked
JJs. Both ends of the JJ arrays were connected with LCR filters for bias current
(−I and +I) and for the measurement of AC output voltage (−V and +V). For the
standard JAWS array, the DC-block capacitor was an off-chip component that was
not on the chip layout. This capacitor was mounted on the semi-rigid cables in the
cryoprobe. This probe was also used to measure the integrated JAWS with on-chip
power dividers.

4.2 Integrated JAWS circuits with serial-parallel power dividers

In the first version of the RF divider designs, the integrated circuits were tested
with short non-stacked JJ arrays (500 JJs per arm). The geometry of the JJ arrays and
junctions in all the short test arrays in this chapter was not changed, as otherwise,
the effect of their geometric change and the performance property of the dividers
would have overlapped. Instead, the test circuit rather focuses on whether the
serial-parallel power divider or other types of dividers were able to be implemented
into the JAWS. It is possible to compare these power dividers by determining the
main JAWS characteristic parameters (e.g. Shapiro step widths versus frequency
and overall operation margins in pulse-mode operation).

Due to its compact size, the integrated circuit with a serial-parallel power divider
was designed on a 10 mm × 10 mm chip. The four-output port configuration of this
power divider allowed one RF channel to be combined with four parallel JJ arrays.
This represents a considerable advantage over the standard JAWS array, where
each RF channel operates only one JJ array. The short JJ arrays have a characteristic
impedance of 50 Ω and each was terminated by 50 Ω (realized by two parallel 100
Ω resistors).

Unlike the standard JAWS using the off-chip high-pass capacitors, in this inte-
grated circuit, on-chip DC-block capacitors must be integrated and tapered to the
output ports, as each JJ array must be isolated after the divider. As previously
indicated, each array is operated with a separate bias current source. Thus, both
ends of the JJ arrays were connected with LCR filters for current compensation. To
obtain a synthesized voltage of all the arrays with common Shapiro steps, a con-
nection of all four parallel arrays with LCR filters for the sum voltage was needed.
From the simulation results, we know that this type of divider has a phase shift
of 180◦ between the output ports. To ensure that common Shapiro steps of all the
JJ arrays were in the same polarity, we switched the plus and minus poles of the
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Figure 29. Integrated circuits of a two-stage serial-parallel power divider and short
test arrays (4× 500 JJs). The positive and negative terminals of voltages and currents
are labeled on the contact pads.

arrays with a 180◦ phase shift on the chip. In this way, all the arrays had an identical
phase. As Figure 29 shows, the minus voltage started from the minus pole of the
first JJ array. The plus and minus poles of the arrays were connected. Eventually,
the positive voltage was wire-connected on-chip to the plus pole of the fourth JJ
array. A wrong connection would have causes failure in the AC voltage synthesis
during the measurement. Due to the fact that each chip has two symmetrical circuit
designs, all the figures in sections 4.2, 4.3, 4.4 and 4.5 show only half of the chip
design.

4.3 Integrated JAWS circuits with a conventional Wilkinson power
dividers

Figure 30 shows an example of a conventional one-stage single-section Wilkinson
power divider (center frequency: 15 GHz) integrated with two parallel JJ series
arrays (500 JJs/array). Conventional Wilkinson power dividers with other different
center frequencies (20 GHz, 25 GHz) were integrated as well. These integrate JJ
arrays also have a characteristic impedance of 50 Ω and were terminated by two
parallel 100 Ω thin-film resistors. The chip area of 10 mm × 10 mm is sufficient for
two identical integrated circuit layouts.
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Figure 30. The integrated circuits of one-stage single-section Wilkinson power
divider and short test arrays (2 × 500 JJs). The positive and negative terminals of
the voltages and currents are labeled on the contact pads.

In order to measure the sum voltage of both two arrays, all inner conductors
of the JJ arrays should be joined together. To retain the same polarity of both JJ
arrays, the negative voltage is connected to the negative terminal of the first JJ array
and linked to its other end. Then, the positive terminal of the first array and the
negative terminal of the second array were connected by means of LCR filters. The
positive terminal of the second JJ array was connected to the positive voltage. Two
current compensation circuits with LCR filters were separately connected to each
array. This is reasonably comparable to two standard JAWS arrays combined with
each other, as shown in Figure 28.

4.4 Integrated JAWS circuits with improved Wilkinson power di-
viders

In the next test iteration, triple stacked JJs were applied to improved Wilkinson
power dividers. This allows more JJs to be integrated into the circuit to increase
the output voltage, as the length of the array remains unchanged. This was done
to test whether multi-stacked JJs could be applied to the integrated JAWS circuits.

Based on the one-stage single-section Wilkinson power divider, the configuration
of the integrated circuit with one-stage three-section Wilkinson power divider
(Figure 31) is quite similar. The positive and negative polarities of the JJs stay
the same as in Figure 30. DC block capacitors and the LCR filters were also
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Figure 31. The integrated circuits of one-stage three-section Wilkinson power di-
vider and short test arrays (2 × 1,500 JJs). The positive and negative terminals of
the voltages and currents are labeled on the contact pads.

integrated into the arrays. The major differences between them are the chip size
and utilization of triple-stacked junctions. As the simulation and theory suggested,
the three-section Wilkinson power divider improved the bandwidth performance.
However, it also took up more space than the conventional Wilkinson divider,
increasing the chip size to 15 mm × 10 mm. Such an increase in chip size had no
effect on the performance of the integrated JAWS circuits.

In comparison to the two-stage serial–parallel power divider, the two-stage
single-section Wilkinson power divider does not have phase shift between the
output ports according to the simulation results. As marked in Figure 32, the posi-
tive and negative polarity of each parallel JJ series array remain the same. The chip
size is 15 mm × 10 mm.

Each output of this divider was connected with a tapered DC-block capacitor,
LCR filters and series array of 1,500 JJs (triple-stacked 500 junctions for each parallel
arm). The characteristic impedance of the JJ series array stays 50 Ω. The end of
each array was terminated by two parallel 100 Ω thin film resistors. As a result of
four parallel JJ arrays, more pad-structures were required on one chip.

4.5 Combination of larger arrays with on-chip power dividers

To further increase the output AC voltages per RF channel and integrate more
JJ arrays on one chip, the chip size was also extended to 15 mm × 10 mm to
provide enough space for the large arrays. Two different layouts of the integrated
JAWS circuits were designed. Figure 33 shows the serial-parallel power divider

41



4. Integrated circuit design

Figure 32. The integrated circuits of two-stage single-section Wilkinson power
divider and short test arrays (4 × 1,500 JJs). The positive and negative terminals
of the voltages and currents are labeled on the contact pads. The plus and minus
polarity of the JJ arrays are marked as well.

integrated with four parallel extended JJ arrays. Due to the compact size of serial-
parallel power divider, the total number of JJs per RF channel in this integrated
circuit is 20,400 (triple-stacked 6,800 JJs), which is significantly larger than the
standard JAWS array per RF channel. As two identical layouts were designed on
one chip, a total of 40,800 JJs were fabricated on one chip. Like the previous designs,
the LCR filters and tapered DC-block capacitors were connected to both ends of the
JJ arrays. The characteristic impedance of the CPW circuits stays constant at 50 Ω

and the end of each array was terminated by two 100 Ω thin-film resistors, because
the serial-parallel power divider is very sensitive to the impedance mismatching
according to the theory. The positive and negative polarities of each parallel JJ
array remain the same as shown in Figure 29.

Figure 34 depicts the one-stage single-section Wilkinson power divider inte-
grated with two parallel JJ arrays. The size of the chip was also 15 mm × 10 mm. In
this integrated circuit a total of 18,000 JJs (triple stacked 6,000 JJs) were driven by
one RF channel. Due to the symmetrical structures on the chip, altogether 36,000
JJs per chip were fabricated. Similar to the design of standard JAWS array from
Figure 28, the JJ array in this design has a meander structure. Based on the method
of [56], the meander JJ arrays were tapered with a slightly changed characteris-
tic impedance from 50 Ω to 44 Ω to compensate the attenuation. Theoretically
speaking, such minor change of characteristic impedance should not affect the re-
sult strongly, because the Wilkinson divider has the thin-film resistors between the
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Figure 33. The integrated circuits of serial-parallel power divider and extended
large arrays (4 × 5,100 JJs). The positive and negative terminals of the voltages and
currents are labeled on the contact pads.

Figure 34. The integrated circuits of one-stage single-section Wilkinson power
divider and tapered meander arrays (2 × 9,000 JJs). The positive and negative
terminals of the voltages and currents are labeled on the contact pads.

output ports to prevent the reflected wave back to RF channel and improve the
isolation as well.

As the first attempt, both designs were developed to increase the AC output
voltages by integration of the on-chip power dividers. Figure 35 shows one of the
fabricated prototypes of the integrated JAWS chips with one-stage Wilkinson power
divider and 18,000 JJs. On this chip two identical JAWS circuits were fabricated.
The zoom-in scanning electron microscope (SEM) photos were taken in the PTB
Clean Room Center. They provide a sharper view on the miniature components
(shunted filters, thin-film resistors, etc.) on the chip. The detailed fabrication
process of JAWS circuits will be discussed in the next chapter.
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Figure 35. Photo of fabricated integrated JAWS chip (chip size: 15 mm × 10 mm)
with on-chip one-stage Wilkinson power dividers and altogether 36,000 JJs. SEM
photos of JJ array, thin film resistor, shunted filters and bending structure were
demonstrated.

In the long run, the integrated JAWS circuits with power dividers can still be
improved for achieving even higher output AC voltages. Here, two possible ways
are proposed to increase the synthesized AC voltages: (1) The parallel JJ arrays in
the integrated JAWS circuits are able to be further extended and its characteristic
impedance can be optimized. (2) In the fabrication process, 4-stacked or 5-stacked
JJs should be applied to increase the number of junctions per array.
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5. Thin film fabrication
This chapter mainly describes the fabrication of the circuits, which have been

simulated and integrated in Chapter 3 and 4. The circuits were fabricated in the
Clean Room Center of PTB, which provides good environmental conditions and
facilities for the fabrication of micro- and nanostructures. (Class: ISO 5 according
to EN ISO 14644-1) [37].

The clean room contains the thin-film fabrication equipment, including thin-film
deposition for the deposition for metallic (sputtering and co-sputtering systems
among others) and dielectric layers (e.g. PECVD SiO2), electron-beam and opti-
cal lithography, etching system for patterning (e.g. reactive-ion etching with in-
ductively coupled plasma (RIE-ICP) equipment) and wafer inspection instruments
with high resolution (e.g. light microscope, scanning electron microscope). Among
these, the Univex coating system is frequently used for thin film deposition of Nb,
NbxSi1-x and AuPd layer for the JAWS wafers. The designed pattern is transferred
onto the deposited surface by e-beam lithography process. It begins with scanning
a thin layer of electron sensitive film (resist) on the surface by a precisely controlled
e-beam (exposure) and then selectively removes the exposed or non-exposed areas
of the resist in a chemical solvent (developing). The exposed areas would be fur-
ther processed with plasma gases in the selective dry etching method (RIE-ICP),
while the covered areas are protected during these steps to form final structures.
The concrete fabrication process of JAWS is mainly based on the repetition of this
working flow, which will be introduced in more details in section 5.2.

5.1 SNS Josephson junctions with barrier material NbxSi1-x

The JAWS circuits of PTB are fabricated in Nb technology. Besides Nb for the
superconducting layers, different normal metal materials for the barrier have been
investigated in the past few years, such as AuPd [60], HfTi [61] and NbxSi1−x [62]. At
PTB, HfTi was applied as the normal metal barrier for standard JAWS wafers. These
junctions have a high critical current density of about 60-80 kA cm−2, which can be
adjusted by the barrier thickness. However, the resulting normal state resistance
is rather high for typical JAWS JJs. This results in high attenuation and significant
heat generation in arrays and even suppression of the superconducting state. The
material NbxSi1−x, however, provides a wide range of the characteristic frequency, as
the critical current density jc and normal state resistance Rn remain low. Therefore,
to avoid the high attenuation and the heat generation of the JJ arrays, NbxSi1−x was
chosen as the suitable barrier material for JAWS circuits [9].
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Figure 36. Dependence of characteristic voltage (left axis) and characteristic fre-
quency (right axis) on critical current density for NbxSi1− x junctions with different
Nb content at 4 K. Results from standard JAWS circuits (green diamonds) and JAWS
circuits integrated with on-chip power dividers (blue diamonds) were added to
data from [63].

To have a comparison with the standard JAWS arrays, the geometry of JJs in the
arrays integrated with on-chip power dividers were not changed (A= 4.4 µm × 13.6
µm). Figure 36 demonstrates the relationship between the characteristic voltage
and the critical current density, when the Nb content is set to various values from
0.1 to 0.2. The data were mainly collected from PJVS, standard JAWS and integrated
JAWS circuits with on-chip power dividers (e.g. JAWSTEST 15/20).

From the data points, it is concluded that the characteristic frequency fc is tunable
by the factor of Nb content in a wide frequency range from 4 GHz to over 100 GHz.
A characteristic frequency as high as 70 GHz was able to be achieved, as the
red circle shows. This is a typical value for the PJVS wafer. The data points of
integrated JAWS wafer with on-chip power dividers (blue diamonds) lie in the
same frequency range as those of the standard JAWS wafer (green diamonds).
According to measurement results of the standard JAWS array, the circuit has a
better performance, when the fc is at lower frequency range, especially around 7
GHz [37]. For a fixed Nb content, the jc can be adjusted with the change of the
barrier thickness. jc is proportional to exp −d

ξ , where d is the barrier thickness and ξ
is the coherence length in the barrier [64]. As the thickness of barrier increases, the
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Process step Technology Material Lithography
etching stop layer,
triple-stacked SNS sputtering Al2O3, Nb,

and NbxSi1−x

top barrier RIE-ICP Nb, NbxSi1−x e-beam
base RIE-ICP Nb e-beam

via PECVD / RIE-
ICP SiO2 e-beam

wire sputtering /
RIE-ICP Nb e-beam

load sputtering /
lift-off

AuPd e-beam

bond pads RIE-ICP SiO2 e-beam

pre-measurement SUESS-prober
at 300 K

separation of chips wafer sawing

Table 5. A summary of the standard window process. It is composed of the
following steps: 5 depositions, 5 etching steps, 6 electron-beam lithography steps,
1 lift-off.

critical current density will be decreasing. The diagram shows in the case of the Nb
content x = 0.2, the data of integrated JAWS circuits stay quite close to the linear fit
function. Their Vc and fc are adjustable, as the jc is kept at moderate values from
4-11 kA cm−2.

5.2 Circuit fabrication

The designed integrated JAWS circuits were fabricated in the Clean Room Center
of PTB on 3-inch (about 7.6 cm) silicon wafers. On top of the thermally oxidized
SiO2 layer (300 nm) an additional thin Al2O3 layer of 30 nm was sputtered as an
etching stop layer. Table 5 briefly summarizes the main steps of the fabrication
process for triple-stacked junctions. Further details for each step are discussed
below.

The detailed fabrication process of JAWS wafers can vary from the number of
stacked layers of the junction structure. But the main steps have not been changed
and have been proved reproducible for many years, as described by Oliver Kieler
(cf [37]). Here, as an example, Figure 37 schematically illustrates the deposition
and patterning steps of an integrated JAWS wafer with triple-stacked Josephson
junctions. The designed on-chip power dividers fit well into this scheme of the
standard window process. No additional modifications are required.
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Figure 37. The layer scheme of the standard window process for a JAWS wafer
[37]. In the scheme triple-stacked junctions are fabricated.

In the very first step, seven layers with different thickness (160 nm Nb Base,
followed by an alternating series of 30 nm NbxSi1− x barriers and 80 nm inner Nb
electrodes, ending with a final 80 nm Nb electrode on top) were sputtered by a
Univex sputtering system. The NbxSi1− x barrier has typically a thickness of about
30 nm with a Nb content of about 0.2 and is also deposited in a co-sputter process.
The level of the total triple-stacked junction is expected to be around 490 nm.

1. Junction (top electrode and barrier)

• Resist deposition:

Hotplate: 90 °C, 3 min of heating. Wafer in HMDS-box: 10 min. The
HMDS (Hexamethyldisilazane) improves the adhesion of resist on sub-
strate and metallic surfaces. Use negative resist ma-N 2410 with syringe
in connection with a filter to avoid the air bubbles and the uneven de-
position of the resist.

Spin coater: 3,000 min−1, 45 s

Hotplate: 90 °C, 5 min of heating

• E-beam exposure ≈ 5 hours

• Development: put the wafer directly into the container filled with devel-
oper (maD 332) (total time: 5 min 30 s.) (1) 30 s in maD 332 (2) 4 s rinse
under water. Repeat (1) and (2) step, then develop 4 min 30 s further.
The time for development can be variable. It is highly dependent on the
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thickness of the resist and the structure. (Wafer inspection under light
microscope to check the development)

Flush the wafer under the water for 3 min. And then spin the wafer dry.

• Dry etching with SENTECH ICP-etching system (gas: SF6)

Etching time ≈ 46 s + 5 s overetch

• Resist removal: Aceton, Isopropanol (IPA), Utrasonic: 10 min, the
residue remover Baker Rezi 38 (10 min, 50 °C)

• Measurement of the level of the Tri-layer with Bruker Dektak 6M

2. Base electrode

• Resist deposition:

Hotplate: 90 °C, 3 min. of heating

Wafer in HMDS-box: 10 min

Apply negative resist ma-N 2410 with syringe in connection with a filter

Spin coater: 3,000 min−1, 45 s

Hotplate: 90 °C, 5 min. of heating

• E-beam exposure ≈ 18 hours

• Development: put the wafer directly into the container filled with de-
veloper (maD 332) (total time: 7 min.)

(1) 30 s in maD 332 (2) 4 s rinse under water

Repeat (1) and (2) step, then develop 6 min further. Flush the wafer
under the water for 3 min and spin the wafer dry.

• Dry etching with SENTECH ICP-etching system (gas: SF6) Etching time
≈ 25 s + 4 s overetch

• Resist removal: Aceton, IPA, Utrasonic bath: 10 min, Baker Rezi 38 (10
min, 50 °C)

• Measurement of the thickness of the Tri-layer base with Bruker Dektak
6M.

3. PECVD SiO2 and Vias

• Nanocalc optical reflectometry pre-measurement of the thermally oxi-
dized wafer before depositioning the PEVCD SiO2 layer on the wafer.
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• Deposition of PECVD SiO2 (applied gas: 5 % Silan in Helium)

The aim of this process is to cover the entire Josephson junction, so that
there is no short-circuit in JJs during the next wiring step, at the same
time the thickness of PECVD SiO2 should not be too high to change the
behavior of the on-chip DC-block capacitors. Thus, in the case of triple-
stacked Josephson junction, the ideal thickness of PECVD SiO2 should
be around 600 nm to 620 nm. The layer should be deposited two times
with a 180◦ change of the wafer to avoid pinholes and to have an even
and homogeneous layer.

• The PECVD SiO2 thickness is measured by a Nanocalc thin film reflec-
tometry system after deposition of the PECVD SiO2 layer.

• Patterning of the vias structure:

Resist deposition: Hotplate: 90 °C, 3 min. of heating.

Use positive resist PMMA 600k directly on the wafer.

Spin coater: 2000 min−1, 90 s.

Hotplate: 160 °C, 10 min of heating

• E-beam exposure ≈ 1 hour

• Development: put the wafer into the container filled with the developer
glasgower (total time: 1 min 30 s) and then in IPA for 60s. Glasgower
is a PMMA developer, which contains chemical mixture of IPA, MIBK
(Methylisobutylketon), MEK (Methylethylketon) [65]

• Two time of dry etching with SENTECH ICP-etching system (gas: CHF3)

First etching time = 1 min 30 s

Second etching time ≈ 22 s

After the vias are opened, the Nb-layer would be fully exposed, which is
tested by the impedance measurement of the Nb at the vias position with
SUESS probe.

• Wafer stays in Aceton for 4.5 hours.

• Resist removal: Utrasonic bath: 5 min, IPA, then spin the wafer dry.

4. Nb-wiring

• Deposition of wiring-layer. The thickness of wiring should be compa-
rable to the PECVD-layer to cover all the edges. (typically 800 nm for
triple-stacked junctions)
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• Resist deposition:

Hotplate: 90 °C, 3 min. of heating

Wafer in HMDS-box: 10 min.

Use negative resist ma-N 2410 with syringe in connection with a filter.

Spin coater: 2250 min−1, 45 s.

Hotplate: 90 °C, 5 min of heating.

• E-beam exposure ≈ 6 hours

• Development: put the wafer directly into the container filled with de-
veloper (maD 332) (total time: 6 min 30 s)

(1) 30 s in maD 332 (2) 4 s rinse under water Repeat (1) and (2) step, then
develop 5 min 30 s further.

Flush the wafer under the water for 3 min. and then spin the wafer dry .

• Dry etching with SENTECH ICP-etching system (gas: SF6)

Etching time ≈ 2 min 7 s + 8 s overetch

• Resist removal: Aceton, Ultrasonic bath: 10 min, Baker Rezi 38 (10 min,
50 °C)

• Measurement of the thickness of the connecting wire with Bruker Dektak
6M.

5. AuPd load (lift-off process)

• Deposition of two different resists:

Hotplate: 90 °C, 3 min. of heating.

Use positive resist directly on the wafer.

Spin coater: 2250 min−1, 45 s.

Hotplate: 160 °C, 10 min of heating.

• E-beam exposure ≈ 26 min.

• Development: put the wafer into the container filled with the glasgower
(total time: 1 min.) and then in IPA for 30 s.

Deposition: sputtering the AuPd layer (300 nm)

Lift-off process: resist removal and removing the excessive AuPd. The
wafer stays in the acetone glass container overnight. Excessive AuPd
are then carefully lifted by the tweezer. Clean the wafer with IPA and in
the ultrasonic bath.
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6. Bond-pads

• Resist deposition: Hotplate: 90 °C, 3 min. of heating.

Use positive resist PMMA 600k directly on the wafer

Spin coater: 2000 min−1, 90 s

Hotplate: 160 °C, 10 min. heating

• E-beam exposure ≈ 1 hour

• Development: put the wafer into the container filled with the developer
glasgower (total time: 1 min 30 s) and then in IPA for 60 s.

• Two time of dry etching with SENTECH ICP-etching system (gas: CHF3)

First etching time = 1 min 30 s; second etching time ≈ 22 s

7. Measurement of the impedance of JJ arrays with SUESS prober

This measurement was conducted to measure the resistance of each series
array with a multi-meter and identify the open-circuited disconnection in the
arrays by using the SUESS prober, whose probe pins places directly contact
on the pad structures.

8. Wafer cutting

Before the cutting process, the wafer was coated with a thick layer of resist
as the protection layer. Then the wafer was carefully placed in the automatic
dicing saw. Auto mode and user defined mode can be chosen for different
chip sizes.

5.3 Wafer inspection in the SEM

During the fabrication process, the wafer is inspected after each fabrication step
under the light microscope. Visible defect structures or particles should be pre-
scanned and documented. Unlike the light microscope for wafer inspection under
2D, the SEM provides a quasi 3D overview of the wafer structure with high res-
olution. SEM pictures should be taken right after each etching step to make sure
the corresponding process was completely performed and no artifacts or residues
from the e-beam resists or the etching process were left on top of the processed
structures. Besides that, the SEM investigation was also used for estimating the
thickness of the JJ stacks (see Figure 38a).

The SEM image of Figure 38b displays that the wiring electrodes are not com-
pletely planar structures, as no chemical mechanical polishing (CMP) process was
applied. Nevertheless, the performance of the circuits is very good for most arrays,
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(a) SEM cross-section image of triple-stacked
Josephson junction.

(b) SEM top view of the SNS series array
embedded in CPW.

Figure 38. SEM photo of SNS-JJ series array embedded in the center of a CPW.

Figure 39. SEM photo of a one-stage single-section Wilkinson power divider.

because we fabricated relatively large Josephson junctions. For a standard window
process, it is not necessary to have a complete planar surface. In addition to JJ
arrays, the on-chip power dividers were also successfully fabricated. The SEM
image of figure 39 shows the one-stage single-section Wilkinson power divider as
an example. The edges of the structure look very clean after etching. The gaps
between signal and ground plane of this power divider are clearly observable.
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6. Measurement results
Chapter 6 mainly presents the experiment results of the JAWS circuits. Firstly,

the complete JAWS experimental set-up is demonstrated. This JAWS set-up has
been applied at PTB and proved stable for many years. It is briefly described here
for completeness. It contains the front-end development (hardware configuration
and software platform) and the back-end development of pulses (analog-to-digital
(ADC) transformation). Secondly, a characterization of electrical passive compo-
nents in the experimental set-up is carried out in the low frequency and RF range
as a basis for correct measurements of the integrated JAWS with on-chip power
dividers. Last but not least, the behavior of the JJ arrays integrated with the on-chip
power dividers under DC bias and with pulse modulation at 4 K is demonstrated.
The synthesized AC output voltages generated by the integrated JAWS chips with
different power dividers (listed in Appendix C) are measured and evaluated.

6.1 Experimental set-up

6.1.1 Hardware configuration

Different JAWS set-ups have been developed and optimized over the years at
PTB [66], [67]. The results in this work were achieved by using the PTB’s 8-
channel JAWS set-up [68]. Figure 40 shows a photo of this measurement set-up,
which mainly includes a commercially 8-channel-ternary PPG (Sympuls BPG30G –
TERx8), arbitrary waveform generators (Agilent 33522B), a microwave clock source
for triggering the PPG, a self-made I/V box (to decouple the compensation signal
from ground), an oscilloscope (to observe the common Shapiro steps) and a fast
digitizer (National Instruments PXI – 5922). Each PPG channel was combined with
a pulse amplifier to transfer the RTZ-pulses (pulse repetition frequency: 300 MHz-
15 GHz, pulse amplitude: 1 Vpp). The maximum available clock frequency from
the PPG is 15 GHz. The selected pulse amplifier, that was connected to PPG, must
provide sufficient power for driving the JJ arrays.

A 2-channel cryoprobe was equipped to measure the JAWS chip in a helium
environment at 4 K. As displayed in Figure 41, this probe has two RF connectors
for pulse transfer on the top and twelve LEMO connectors at the front. Among
these LEMO connectors, label No. 1 and No. 7 were installed for measuring the
AC output voltage. The other LEMO connectors (label No. 2-6 and No. 8-12) were
mounted in the probe for bias currents, because more JJ arrays will be additionally
integrated into JAWS chip due to the integration of on-chip power dividers.
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Figure 40. The JAWS experimental set-up in the measurement laboratory at PTB
[68]. The measurement equipment and devices are fully labeled.

Figure 41. The 2-channel cryoprobe with labeled connectors was equipped for JAWS
measurement. On this probe two RF connectors and twelve LEMO connectors were
mounted.

Figure 42. Photographs of the microwave package with an integrated JAWS test
chip mounted. On the carrier RF CPW circuits and DC bias output lines are shown.
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Inside the cryoprobe two parallel semi-rigid cables were mounted, transferring
high frequency signal from room temperature (300 K) to low temperature (4 K).
These cables are connected to the JAWS chip through the connection by chip-
carrier packaging (see below), which was covered within a cylinder cryo-perm
shield and placed in a liquid-helium environment at 4 K. With respect to microwave
packaging technology, several aspects need to be considered. Firstly, the PCB
material must be thermally robust and mechanically stable, because it is not only
used for room temperature measurement, but also for the connection with the
superconducting chips measured at 4 K. Under repeatable measurements the chip
and carrier should still have a good interface. Secondly, the bandwidth of the
PCB circuits and connectors must be broadband for good transmission. The PCB
material should have a very low dissipation factor at high frequencies. Last but
not least, the cost of PCB material and connectors should not be too high. Based on
these aspects, a chip-carrier package for JAWS chips [69] was developed in the past
and fabricated to achieve a broadband and good signal transmission to the chip.

This cryo-package includes two SMA connectors and a PCB carrier. The Sub-
Miniature Version A (SMA) connectors have a characteristic impedance of 50 Ω.
They were soldered on the chip carrier. The spacing of two inner conductors of the
SMA connectors is 12 mm, which matches the distance of two parallel semi-rigid
RF cables (50 Ω) in a 2-channel cryoprobe. On the PCB substrate material (Rogers
3006) tapered RF CPW and DC circuits (gold-coated cooper) were fabricated. The
JAWS chips are mounted in a sinking pocket to ensure that the chip surface stays
at the same level as the PCB surface. This enables Al-wire bonds to be short. The
prototypes of PCB carrier were manufactured by Ilfa GmbH, Hannover. It is exper-
imentally proved that this carrier is robust and reusable. It is also able to absorb the
thermal expansion and contraction of the JAWS chip when it is tested many times
between 300 K and 4 K. This cryo-package is now utilized for integrated JAWS chips
as well. Later on due to the enlarged chip size, the sinking pocket on the carrier
has also increased. As the Figure 42 demonstrates, the integrated JAWS chip (15
mm × 10 mm) was glued and wire-bonded (Al wire, wedge-wedge bond) to the
PCB carrier. A single JAWS chip has usually two identical integrated circuits, as
discussed in chapter 4. Each integrated JAWS circuit on the chip was measured
systematically and separately. The synthesized output AC voltages generated by
JAWS chips were measured in the frequency domain by a fast digitizer.

6.1.2 Software control platform

A full measurement control LabVIEW platform was programmed by O. Kieler
[37] to automatically control the measurement equipment and perform advanced
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data analysis for many years. It has mainly two important parts. One of them
is to record all relevant data of the measurement of the IVCs of JJ arrays at DC
and with pulse input. The amplitude of the pulse power and clock frequency
of the JAWS system were set to the desired value in the LabVIEW program to
realize automation of measurement. The other software based on a Matlab script
is used to control and initiating the hardware equipment for the synthesis of AC
output voltages. The Sigma-Delta code length is tunable with a unit of 128 bit.
The memory of current PPG at PTB is 256 Mbit (228 bit). This is the maximum
code length of the Sigma-Delta codes. Based on the equation (10), the minimal
calculated synthesized signal frequency from JAWS is 55 Hz, when operated at 15
GHz clock frequency [37]. The highest experimentally realized synthesized signal
frequency from JAWS at PTB is up to a few MHz. The Sigma-Delta code amplitude
factor of the RTZ pulses is in principle less than 1, which can be freely chosen in
the program. As these parameters are directly proportional to the RMS value and
frequency of the AC output voltage generated by JAWS, theoretically speaking, it
is able to synthesize desired sinusoidal waveforms by changing these parameters
in the set-up. The code-pattern with arbitrary code amplitudes (10 %-90 %) and
code length are freely loaded in the program and transferred to PPG. Through
the program, all parameters, including the clock frequency (maximum 15 GHz) of
PPG, pulse amplitude (0-4096 a.u., as in 1 Vpp), operation margins, and even the
compensation signals (amplitude, frequency and phase), are easily adjustable and
controlled by the user. They can also be stored as configuration to easily reload the
optimum bias parameters for a certain chip or waveform.

6.1.3 Backend development of JAWS: Sigma-Delta modulation

At the back-end development of JAWS, a second-order Sigma-Delta modulator
was applied for pulse code generation with high quality transferred to the memory
of PPG. This modulator is implemented in Matlab tool box to perform the analog-to-
digital conversion of the desired waveform. It enables the quantized noise to shift
to higher frequencies, so that signal-to-noise ratio (SNR) in the signal bandwidth
increases significantly. Figure 43 shows a topology with a direct implementation
of the second-order modulator. It is the so-called cascade of integrators with
distributed feedback (CIFB) structure. According to the transfer function block
diagram (Figure 43), the signal transfer function (STF) and noise transfer function
(NTF) for this CIFB topology are slightly adjusted and described as: [70]

STF = [
b3 · z2 + (c2b2−b3) · z + (b3 + b3c1g1− c2b2 + c1c2b1)

z2 + (c2a2−2) · z + (1 + c1 g1− c2a2 + c1c2a1)
] (17)
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Figure 43. Second-order cascade of integrators with distributed feedback and input
coupling (CIFB) topology. The analog input signal u(z) is transformed into a three
level (-1/0/+1) digital output v(z) [70]. The parameters a1, a2, b1, b2, b3, c1, c2, g1 are
loop gain coefficients.

NTF = [
z2
−2z + (1 + c1 g1)

z2 + (c2a2−2) · z + (1 + c1 g1− c2a2 + c1c2a1)
] (18)

v(z) = STF ·u(z) + NTF · e(z) (19)

To achieve the best signal transfer, it is expected theoretically a STF magnitude
response is equal to 1 and the quantization noise e(z) needs to be shifted to high
frequencies. In this case (STF = 1), a1 = b1, a2 = b2, b3 = 1. In the Matlab simulation
software provided by O. Kieler, the coefficients a1, a2, b1, b2, b3, c1, c2, g1 were
optimized to achieve a maximum suppression of higher harmonics. There are
also additional input parameters for the Sigma-Delta modulation: the sampling
frequency, the desired peak frequency, the number of periods of the code pattern,
code length and the code amplitude (pulse density). All the Sigma-Delta codes
used in the JAWS measurement of this thesis were provided by O. Kieler.

6.2 Investigation of pulse pattern

The synthesis of the AC voltages generated from JAWS chips is dependent on
the pulse quality and its reproducibility in the pulse train as well. To generate a
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Figure 44. The measurement result of short bit pulse pattern delivered from PPG
at a clock frequency of 5 GHz. A fragment +1+1+1+1+1+1+100-1-1-1-1-1-1-1 is
shown.

bipolar waveform using JAWS chip, a three-level code is necessary. The bit stream
should have positive and negative pulses, both returning to zero, to excite the n =

+1 as well as n = -1 plateaus [71]. The area of the pulses (energy of pulses), which
transfer flux quanta across each JJ, should be constant in time. This allows the
generation of flat Shapiro steps from the JAWS circuit at 4 K. Therefore, the pulse
form transferred from the PPG and pulse amplifiers needs to be investigated. In
the operation of JAWS and synthesis of the AC voltages, the bipolar ternary pulses
realized by Sigma-Delta modulation were transferred to JAWS chips as the signal
input. This pulse pattern cannot be directly measured by a sampling oscilloscope,
because it contains variable pulse repetition frequencies. It is unable to observe
the pulse shape clearly. But it is possible to observe the pulse pattern when it is
set to a constant pulse repetition frequency. The Sympuls PPG used at PTB feature
short bit codes (16-bit) for test purposes [71]. These codes (-1/0/+1) can be changed
manually.

To observe the pulses, firstly, only the PPG was directly connected to sampling
oscilloscope (Tektronix DSA 8200) through a high frequency coaxial cable. In the
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Figure 45. The measurement result of short bit pulse pattern delivered from PPG at
a clock frequency of 15 GHz. A fragment -1000-1000+1000+1000 is shown.

set-up, no pulse amplifier or attenuator was used. The purpose of this measurement
is to observe directly the pulse quality and pulse shape. A series of short bit
(16 bit) pulse pattern (+1+1+1+1+1+1+100-1-1-1-1-1-1-1) was transferred to the
PPG. The positive and negative amplitude of the pulse were both set to 3,000
a.u.. The RTZ pulses were measured at 300 K (see Figure 44) at a clock frequency
of 5 GHz. When the clock frequency was set to 15 GHz, another pulse pattern
(-1000-1000+1000+1000) was sent to the PPG. The RTZ pulses were measured in
a same condition. The results show that the RTZ pulses remain close to be the
rectangular shape at a lower clock frequency (see Figure 44). However, if the clock
frequencies were set to higher (for example: 15 GHz), the pulse shape differs from
the theoretically-expected rectangular shape. It becomes more like a Gaussian
shape because of the limited bandwidth of PPG (see Figure 45).

In the measurement of JAWS circuits, the PPG and pico-second pulse amplifier
5882 were frequently used. Therefore, as an example, the pulse pattern transferred
from PPG together with pico-second amplifier was also under test by a sampling
oscilloscope. A high frequency cable with extra attenuators (attenuation: -16 dB)
was connected directly from pico-second amplifier output to the input of the sam-
pling oscilloscope, because the maximum input signal of the sampling oscilloscope
is only a few hundred mV.
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Figure 46. The measurement result of short bit pulse pattern delivered from PPG
and pico-second pulse ampifier at a clock frequency of 15 GHz. A fragment -10-
10-10-10+10+10+10+10 is shown

A fragment (-10-10-10-10+10+10+10+10) at different clock frequencies was sent
to the PPG. In the experiment, both the positive and negative amplitudes were
set to 3,000 a.u. to obtain a balanced RTZ pulse pattern. Figure 46 showed the
RTZ-pulses of both PPG and pico-second amplifier at a clock frequency of 15 GHz.
After comparing Figure 45 with Figure 46, it is concluded that the pulse amplifier
(pico-second pulse amplifier) does not alter the pulse shape. The amplitude of the
pulse pattern in Figure 46 is quite small, because several attenuators were con-
nected to reduce the gain of the pulse amplifier and avoid damaging the sampling
oscilloscope. The amplitude of negative pulses is slightly larger than the positive
pulses, even though both the positive and negative amplitudes were set to 3,000
a.u.. Therefore, fine tuning is required to obtain a balanced pulse pattern in the
JAWS operation.

In the measurement of Figure 46, more +1/-1 were initiated in comparison to
Figure 45 to generate a higher pulse density. This is similar to the scenario where
the amplitude of pulses increases in the JAWS operation. It is observed that when
the pulse density gets higher, the amplitude of some pulses changes slightly and
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Figure 47. Design of the chip with test structures for characterization of on-chip
passive components (L, C, R).

does not truly stay constant. The areas of the pulses are not identical. Some are a
little bigger than the others. Similar effect is also clearly observed when the PPG
was connected with MD-50 modulator pulse amplifier. This effect could decrease
the operation margins of the JJ array, when the JAWS chip was operated at higher
clock frequencies with higher pulse density (larger code amplitude > 90%). Signals
with small amplitudes were identified where the codes are set to zero. This makes
it difficult to suppress the harmonics level, when JAWS chips were operated with
larger code amplitude.

6.3 Characterization of on-chip lumped elements

As depicted in Chapter 4, the integrated JAWS circuits contain thin-film resis-
tors, DC-block capacitors and LCR filters in series. Therefore, it is necessary to
characterize these on-chip passive components (L, C, R). The motivation of this
measurement is to compare the desired target value with the actual value of fabri-
cated on-chip lumped components. The test chip containing a set of different L, C,
R structures was tested at 4 K with a 4-terminal pair measurement (LCUR: low cur-
rent, LPOT: low potential, HPOT: high potential, HCUR: high current) at low frequencies
by a Keysight E4980A precision LCR meter. The ports (LCUR, LPOT) were connected
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Inductance Target value (nH) Measured value (nH)
L1 60 53
L2 60 60
L3 165 153
L4 165 160

Resistance Target value (Ω) Measured value (Ω)
R1 (AuPd) 100 88
R2 (AuPd) 100 88
R3 (AuPd) 100 91
R4 (Nb-thru) 0 0.0465

Capacitance Target value (pF) Measured value (pF)
C1 (inner) 3.01 3.15
C2 (outer) 4.25 4.36
C3 (outer) 4.25 4.4

Table 6. The target values and measurement results of the on-chip lumped elements.

to the negative terminal, while the ports (HPOT, HCUR) were connected to the positive
terminal of the test structure. This measurement method removes influences like
the series residual impedance of the cable, stray capacitance between cables and
their mutual inductance. Figure 47 shows the design of the on-chip test structures.
It contains shunted spiral inductors connected in series, thin-film resistors and
parallel-plate capacitors. Each single component has four bond wire connections
directly to the carrier pads. The carrier pads were soldered to low frequency cables
in the cryoprobe, which were attached to the LCR meter through BNC cables.

The measurement results (see Table 6) at 4 K indicate that the capacitance of
the parallel-plate inner-outer DC block capacitors is very close to the target value.
No short circuit was detected between the two parallel Niobium conductors. As
expected, the thickness of the PECVD SiO2 that was deposited on the wafer is about
400 ± 30 nm. However, the inductance of some shunted spiral inductors connected
in series was a bit smaller than expected. This suggested that the current flows
through the shunted thin-film resistor instead of the Nb wiring. The Nb wiring was
not properly connected in the circuit. To improve the wiring connection, the size of
vias was slightly increased in the designs to make sure they are fully exposed after
the etching process during the fabrication. Another discovery in the measurement
is that the actual resistance of thin-film resistors was smaller than the desired value
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Figure 48. Sketch of UOSM calibration procedure for RF measurement with UOSM
calibration with VNA.

of 100 Ω. Even though the smaller resistance does not affect the measurement in
the synthesis of AC output voltages from the JAWS circuits strongly, it is possible to
make the resistance closer to 100 Ω by decreasing the thickness of the AuPd down
to about 270 nm (previously: 300 nm). The R4 is a simple Nb-connection, which
was served as a reference.

So far, the LCR meter measurement has proved to be an useful method to calibrate
the on-chip components at lower frequencies. Some of the actual value of these
on-chip components in the measurements are very close to the desired target value
as expected. Solutions were found to improve the fabrication yield and make
measured results even closer to the target value.

6.4 RF measurement with a Vector Network Analyzer (VNA)

6.4.1 RF measurement of the cryoprobe

The JAWS chips were frequently measured by using the cryoprobe under high-
speed pulses. It is quite necessary to test the performance of the cryoprobe with
a VNA in a wide frequency range. The cryoprobe should be tested regularly to
make sure it is in good condition to avoid introducing errors into the measurement.
Components such as imperfect cables, connectors, and even the response of the test
instruments can introduce errors into the measurement system. For the measure-
ment of transmission and reflection coefficients, impedance mismatching within
the test set-up cause measurement uncertainties that appear as ripples superim-
posed on the measured data. Those errors make it very difficult to determine which
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Figure 49. Transmission coefficient S21 of cable A in the cryoprobe (S12 result is
quite similar to S21)

reflections come from the DUT and which are from the other source. Therefore,
a VNA calibration (Rohde & Schwarz ZVA 50) is highly required for accurate RF
measurements. During the calibration, it is suggested to measure the device in a
stable environment within one day to minimize measurement uncertainties due to
drift.

The device under test (DUT) in the measurement set-up is the cryoprobe. As
shown in Figure 54a, it consists of two semi-rigid cables (cable A, cable B), RF
connectors, and inner-outer DC-block capacitors. The measurement was carried
out at 296 K. Since the cryoprobe has two parallel male to male semi-rigid cables
(non-insertable device), a UOSM (unknown thru, open, short, match) calibration
method for the VNA was chosen [72]. It is one of the most straightforward ways of
calibrating an VNA. For a standard two-port measurement, the UOSM calibration
method typically contains an unknown thru (e.g. an adapter), two open, two short
and two match (50 Ω load) measurements. As Figure 48 describes, firstly, each
standard (open, short, match) is connected and measured at the reference plane,
which was defined at both ends of cables. After completing these steps, the two
reference planes are connected to each other with the help of an adapter in order
to form a thru connection. In the end, the DUT was directly placed and connected
at the reference planes.

The UOSM calibration method has removed the influence between the measure-
ment plane, where raw measured data were collected, and the reference plane
successfully. It measured exactly both ends of the cryoprobe. As the Figures 49 and
50 show, the semi-rigid cable A in the cryoprobe shows a broadband performance.
The transmission coefficients (attenuation) are maximum -3 dB and the reflection
coefficients are better than -10 dB up to 26 GHz. The semi-rigid cable B shows
comparable results.
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Figure 50. Reflection coefficient S11 of cable A in the cryoprobe (S22 result is quite
similar to S11)

Figure 51. CPW thru circuit is fabricated on Rogers 3006 carrier at IPHT. The input
port and output port are labeled.

6.4.2 RF measurement of the PCB chip carrier

Also very important for the JAWS set-up is the PCB chip carrier and the soldered
SMA-PCB end launchers. The substrate material is Rogers 3006 (εr = 6.15). The
design is not identical to the JAWS carrier, because the typical JAWS carrier only
has two input ports, as was shown in Figure 42. That makes it difficult to measure
with a VNA. Leibniz Institute of Photonic Technology (IPHT) and Supracon AG
have designed simple thru circuits (gap = 100 µm) with gold plated copper on
the substrate which connect both the input ports and output ports. The electrical
length of CPW circuit in Figure 42 is larger than the CPW circuit of the typical
JAWS carrier. This carrier (Figure 51) was measured at 4 K and 300 K with UOSM
calibration. The measurement was conducted by Marco Schubert et al. Supracon
AG, Jena.
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Figure 52. Transmission coefficient S21 of PCB thru circuits and connectors (S12
result is quite similar to S21). Results unpublished, Marco Schubert et al, Supracon
AG, Jena.

Figure 53. Reflection coefficient S11 of PCB thru circuits and connectors (S22 result
is very similar to S11). Results unpublished, Marco Schubert et al, Supracon AG,
Jena.

68



6. Measurement results

The experiment indicated that the quality of soldering the SMA end launch
connectors onto the PCB carrier influences the results strongly. Bad soldering
quality causes short circuits and impedance mismatching due to the very narrow
gaps of the CPW on the PCB carrier. Figure 52 and Figure 53 show that the
transmission coefficient of the carrier circuit (CPW) and two soldered connectors is
maximum -7 dB at 4 K in the frequency range of 15 GHz. The reflection coefficient
is better than -12 dB at 4 K within 15 GHz, which is acceptable in the practical use
for JAWS measurement [73].

6.4.3 RF measurement of on-chip component with TRL calibration and cross-
talk measurement

In the previous RF measurement, electrical components, such as cryoprobe and
PCB carrier were measured respectively at 4 K and calibrated with a VNA. The
on-chip components, like LCR components, were characterized individually at 4 K
with LCR meter at lower frequencies. It is also necessary to calibrate the on-chip
power dividers in RF range. To realize a two-port RF measurement, the power
dividers are arranged in a back-to-back configuration, in which the output ports of
two identical power divider layouts were connected together. When measured at
4 K in RF range with a VNA, this back-to-back chip (DUT) needs to be mounted with
bond wires on the PCB carrier and connected with the cryoprobe. The influence of
the probe, carrier, and even the bond wires will be introduced into the measurement
system. In order to remove these effects mathematically, move the reference planes
to the on-chip component edges and increase the accuracy of the measurement
results, a TRL calibration is recommended [74].

The TRL calibration contains a thru, a reflect (short or open) and a line (or mul-
tiline) standard. Compared to UOSM calibration, TRL needs no load (match). Its
short or open standard does not require to be known with precision. To calibrate
CPW structures like power dividers, which are non-coaxial components and fab-
ricated on a dispersive transmission media, an on-wafer measurement with TRL
calibration was needed. This measurement is usually performed by RF ground-
signal-ground (GSG) probes. However, the existing RF probe station at PTB cannot
perform the cryogenic measurement of superconducting (Nb) structures. It mea-
sures the on-wafer normal conducting (gold) structures at 296 K. In the PTB Clean
Room Center, to fabricate such wafer with gold material, a lift-off process is re-
quired. Since the gap of designed structures was so small, it is not guaranteed that
the gaps between two conductors will be lifted off cleanly. Another attempt was
made, too. The superconducting chip (DUT) was sent to Lakeshore Cryotronic,
Inc (USA) to perform the planned on-wafer TRL calibration measurement at 4 K.
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Unfortunately, the measurement turned out to be unsuccessful, as the GSG probe
from their facility does not match the on-chip structure in geometry.

Therefore, with the current equipment and conditions at PTB, to realize the sce-
nario like the on-wafer measurement and perform it at 4 K, on-chip TRL designs
with symmetric taper structures were applied instead. Like a on-wafer measure-
ment, different standards and DUT were carefully designed and fabricated on the
same wafer (see Figure 54). In the end, the individual chip was separated with
each other and mounted on the PCB carrier. So, these designs must match the PCB
carrier. Four identical PCB-carriers were soldered almost in the same condition.
They were needed for thru, reflect, line and DUT chips. In the design, it is impor-
tant that the characteristic impedance of the designed CPW circuits must be equal
to the measurement system impedance (50 Ω). The electrical length between the
measurement plane and the reference plane on the chip must be identical. The
taper of the line standard (or DUT) and the taper of the thru (or reflect) standard
must be mirrored to have an identical electrical length to the reference plane. The
taper for the thru and reflect goes towards inside and taper for line and DUT goes
towards outside direction. The electrical length of the line standard should be a
quarter wavelength (at center frequency) longer than the thru. Two line standards
were needed to cover the frequency range from 0 GHz to 18 GHz, but the electrical
length for the first line standard at lower frequencies (0-2 GHz) is unnecessarily
too long and does not fit into the PCB carrier. Thus, only one standard is used in
this experiment for the frequency range from 2 GHz to 18 GHz.

During the measurement with TRL calibration, cross-talk between two ports is
identified in the reflect standard. Crosstalk is the unwanted coupling effect be-
tween signal paths. Due to this problem, the S-parameters from the DUT were not
successfully extracted from the TRL algorithm. It is observed that the transmission
coefficients of the back-to-back power divider show small gain in the interested
frequency range, which are theoretically not supposed to be found in the pas-
sive component. Thus, the measurement with on-chip TRL calibration was not
successful.

To find out which part in the measurement set-up has crosstalk problem, the
cryoprobe together with PCB carrier was measured by VNA in the RF range. The
semi-rigid cable A was connected to port 1 of VNA and the semi-rigid cable B was
connected to port 2 of VNA. The CPWs on the PCB carrier were short-circuited
by the bond wires (similar to a reflect). Cable A and cable B do not have any
contact or connection. Theoretically speaking, in this case the EM-waves should
be completely reflected, if both parallel circuits are isolated. The measured S-
parameters in Figure 55 demonstrate that the reflection coefficient (S11 = S22) were
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(a) The configuration of cryoprobe for the TRL calibration

(b) Thru with symmetrical tapers (c) Reflect with symmetrical tapers

(d) Line with symmetrical tapers (e) DUT with symmetrical tapers

Figure 54. RF crygenic measurement probe configuration and design sketches for
TRL calibration measurement

not quite close to 0 dB, especially when the frequency increases. The isolation (S12

= S21) is no better than -30 dB. It is certainly not good enough for a TRL calibration
standard. Major suspect are the tapered CPW circuits on the carrier. They are quite
compact and very close to each other. To concretely observe the field distribution
and the current flow, a 3D model of the PCB circuit should be recreated in the
simulation.

To further investigate the crosstalk problem on the PCB carrier, a model of the
measured PCB carrier (Figure 56) was simulated in the CST MW studio. The metal
material was set to copper and the dielectric material was Rogers 3006. Both ends
of CPW circuits were short-circuited by bond wires to create a scenario like a reflect
standard. The height of the bond wire is a few hundred micrometers, which is
comparable to the actual wedge-wedge bonding. The field monitor ( f = 15 GHz)
was set to observe the distribution of the electric field, magnetic field and surface
current. As an example, the simulated result in E-field monitor (Figure 57) shows
that the electric wave migrates from the ground (GND) of path 1 to path 2. It is clear
that the signal from port 1 interferes with port 2 at 15 GHz. At higher frequencies
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(a) The reflection coefficients S11,S22

(b) The transmission coefficients S12,S21

Figure 55. Crosstalk measurement of cryoprobe and PCB carrier with VNA

such interference would become even worse. In H-field monitor, the plot looks
very similar to Figure 57. As a result, this carrier would not be suitable for TRL
calibration measurement. A substitute method is to build a cryogenic S-parameter
measurement system for on-wafer calibration, as suggested by [75]. This is now in
process as part of the SuperQuant 1 project based on the cooperation work between
PTB and other institutes.

This cross-talk problem in the PCB carrier and cryoprobe has not affected the
actual JAWS measurement, mainly because the JAWS circuit connected to each
PPG channel was measured separately. Therefore, the carrier design has not been
optimized or redesigned, yet. Remaking the carrier for JAWS can be challenging.

1SuperQuant: Microwave metrology for superconducting quantum circuits. It is a Joint Research
Project within the European Metrology Research Programme EMPIR.
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Figure 56. The 3D model of PCB carrier short circuited by bond wires designed in
CST MW Studio.

Figure 57. E-field monitor results of PCB circuits in CST MW Studio. The color bar
on the right indicates the field strength from low (blue color) to strong (red color).

Firstly, to suppress the crosstalk, these two CPW circuits need to stay far enough
away from each other. However, the carrier size has certain limitations due to the
cryo-perm shield. If the position of the CPW circuit on the carrier is changed, the
position of the JAWS circuit must be rearranged consistently as well. Moreover,
the distance between the inner conductors of two ports on the carrier must be 12
mm to match the cryoprobe. The size of GNDs cannot be changed independently.

Despite all the mentioned limitations above, for the future JAWS measurement,
where both or more PPG channels will send RTZ-pulses to operate all JJ arrays
connected on the chip at the same time, the carrier shall be carefully optimized to
improve its isolation. Possible proposals that may suppress the crosstalk of carrier
circuits are as follows: 1) Decrease the size of GND, while the spacing of the inner
conductors of two ports on the carrier still remains 12 mm. 2) Decrease the electrical
length of two CPW circuits. 3) Connect the GNDs together.
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Figure 58. The IVC of the triple-stacked JJ array tested at 4 K. The parameters of the
junction were indicated.

6.5 Measurement of JAWS circuits integrated with power dividers

6.5.1 Characterization of the JJ arrays

The I-V curve of each JJ array in the integrated JAWS circuit was measured under
DC bias by the Hewlett 34420A Nanovolt meter and Keithley 6220 precision current
source. The measurement devices were controlled by using a LabVIEW software
to perform the measurement procedure, to analyze automatically the IVCs and to
even calculate JJ characteristic parameters. The JJ array on the superconducting
chip shows a typical non-linear behavior at a temperature of 4 K.

As mentioned in the previous chapter, the integrated JAWS array has usually
a junction area of 4.4 µm × 13.6 µm. The Figure 58 shows only one of many test
results of the integrated arrays with triple-stacked JJs as an example. Its critical
current is 2.3 mA with a barrier thickness of 40 nm. The junctions exhibit a critical
current density of 3.9 kA cm−2 with a normal resistance of 3.18 mΩ. This leads to a
characteristic voltage of 7.3 µV and characteristic frequency of 3.5 GHz. These are
the typical parameters of the JJs, which are optimized for the pulse mode operation.

Another characterization of JJ array is to measure their IVCs with the microwave
or pulse irradiation. Figure 59 depicts the first Shapiro steps of one of the triple-
stacked JJ arrays integrated with the one-stage three-section Wilkinson power di-
vider operated by pulses. The return-to-zero pulses has a pulse repetition frequency
of 10 GHz. Each integrated JJ array was measured separately at 4 K. The positive
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Figure 59. The IVC of the integrated triple-stacked JJ array as a function of pulse
amplitude at a pulse repetition frequency of 10 GHz.

RTZ pulses (+1/+1/+1/+1. . . ) has a variation of pulse amplitude ranging from 0 to
4096 a.u..

Figure 59 shows that, as the pulse amplitude increases, the zero-quantum state
I0 becomes smaller. In this case, fclock = fp =10 GHz. The first order Shapiro steps
were visible with sufficient step widths (around 1 mA) for each integrated single JJ
array, if the JJ array was provided with sufficient pulse power. As expected, in the
integrated JAWS array as the pulse repetition frequency ( fp) becomes higher, more
pulse power amplitude of the RF channel is required to form proper first Shapiro
steps. This indicates that the on-chip power dividers in the integrated circuit offer
very good transmission without degrading the entire performance of JAWS. Based
on these measurements of integrated JJ arrays under DC bias and with pulse input,
the JJs were fully characterized before synthesizing the AC voltages.
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Figure 60. Derivative of the IVC to visualize the dependence of the width of
the Shapiro steps on the pulse repetition frequency up to 15 GHz for one array
containing 500 triple-stacked JJs (1,500 JJs in total) integrated with the one-stage
three-section Wilkinson power divider [76]. White areas show flat areas of the IVC,
i.e. the Shapiro steps. The width of the first-order Shapiro step is marked.

6.5.2 Frequency-dependent behaviors of integrated JAWS circuits

The pulse pattern delivered by typical commercial PPGs has maximal data rates
up to 30 Gbit/s. These RTZ pulses have pulse repetition frequencies from a few
hundred MHz up to maximum 15 GHz. Therefore, the integrated JAWS circuits
must be rather broadband. To test its frequency-dependent behavior, the IVCs of
each parallel JJ array integrated with the power divider are measured at 4 K. The
return-to-zero pulses with pulse repetition frequencies from 3 GHz up to 15 GHz
were transferred from the PPG to the JJ array. The pulse amplitude was adjusted
to keep the zero-order Shapiro step constant at 0.7 · Ic.

Figure 60 illustrates the measurement result of one of the JJ arrays (1,500 JJs)
integrated with the one-stage three-section Wilkinson power divider. The other
integrated JJ arrays showed similar results. In the data plot, the IVCs were de-
rived (dV/dI), and the white areas (where dV/dI = 0) show the zero-order Shapiro
steps, the first order Shapiro steps and the second-order Shapiro steps over a wide

76



6. Measurement results

Figure 61. The pulse amplitude for optimal step widths in Figure 60 versus pulse
repetition frequency up to 15 GHz for one array containing 500 triple-stacked JJs
(1,500 JJs in total) integrated with the one-stage three-section Wilkinson power
divider.

frequency range. In this figure, the first order Shapiro steps (the white area right
in the middle) were homogeneous and wide enough over a wide frequency range
from 3 GHz to 15 GHz at the selected pulse amplitudes. This broadband behavior
is necessary in order to be able to generate clean spectra of AC voltages in the pulse
modulation.

The other JAWS arrays in this dissertation with on-chip power dividers show a
comparable performance. This broadband behavior is necessary in order to be able
to generate clean spectra in the pulse operation. By providing enough pulse power
(see Figure 61) from the pico-second amplifier, the results showed a quite large step
width even at lower frequencies, where the simulated transmission and reflection
coefficient is not at its optimum value, as described in chapter 3. Therefore, so
far, the less ideal transmission and reflection coefficient of the Wilkinson divider
at lower frequencies does not seem to distort the Shapiro steps or even affect the
JAWS operation in a crucial way. At frequencies above 14.5 GHz the step size is
reduced because of insufficient available pulse amplitude. This is indicated by the
increased zero-order Shapiro step (above 0.7 · Ic) as well.
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Figure 62. Derivative of the IVC to visualize the dependence of the width of the
Shapiro steps on the pulse repetition frequency up to 15 GHz for the standard
JJ array containing triple-stacked 3,000 JJs (9,000 JJs in total) without the power
divider. White areas show flat areas of the IVC, i.e. the Shapiro steps. The width
of the first-order Shapiro step is marked.

In comparison, the standard JAWS array (9,000 JJs) without the integration of
on-chip power dividers was also measured under the same condition and charac-
terized in the same pulse repetition frequency range from 3 to 15 GHz (RTZ pulses).
Figure 62 displays a comparable result to the Figure 60. Both figures showed a very
good broadband performance with a pulse repetition frequency from 3 GHz to 15
GHz at the selected pulse amplitudes. The zeroth order Shapiro steps between
the two figures were slightly different due to their non-identical critical current Ic.
The measured results of JJ arrays in Figure 60 and 62 prove that the on-chip power
dividers is broadband and function as transmission lines without degrading the
width of first Shapiro steps of the JJ arrays over a wide frequency range.

6.5.3 Operation of JAWS arrays integrated with on-chip power dividers

As many passive RF components (RF cables, connectors, adapters, DC-block
capacitors, etc..) were installed in the experimental set-up, enough power must
be provided by a broadband pulse amplifier to drive a large number of JJs im-
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plemented in the series arrays. In the measurement of integrated JAWS chips,
two PPG-channels and two combined pulse amplifiers were connected with the
2-channel cryoprobe though RF cables at room temperature (300 K). For the in-
tegrated JAWS chip with one-stage power divider, a broadband picosecond 5882
pulse amplifier with a maximum 16 dB gain was used. The power provided by this
pulse amplifier is sufficient for both JJ arrays. It is also used for measurement of the
standard JAWS arrays; while in the case of integrated JAWS chip with two-stage
power divider and with larger arrays, a two-channel Optilab MD-50 modulator
pulse amplifier with variable gain (maximum 30 dB gain) and fine-tuning function
was recently used to make sure that the JJ arrays are driven with enough power.
Due to its electrical configuration, this pulse amplifier has a 180◦ phase shift, which
needs to be considered in the JAWS array operation.

The on-chip power dividers were developed for dividing the pulse power and
transmitting the RTZ pulse pattern to the connected parallel JAWS arrays. There-
fore, power dividers with integrated JAWS arrays were investigated in real opera-
tion to characterize the RF dependence of the dividers in real pulse mode operation.
When the clock frequency of PPG was set to fclock, a high-speed digital sequence
of bipolar RTZ pulses with various pulse repetition frequencies fp ≤ fclock from the
PPG at 300 K is transferred to the JAWS chip at 4 K. The entire JAWS circuit, espe-
cially the power dividers, must be very broadband to enable JJs to generate flux
quanta with the corresponding pulse repetition frequencies. Each parallel JJ array
in JAWS was provided with a low-speed compensation bias current signal [58].
These bias current signals were sent by the arbitrary waveform generators through
low-frequency coaxial cables. A low-frequency coaxial cable has a positive and a
negative wire. Based on the integrated JAWS design in Chapter 4, each wire must
be soldered to the positive/negative terminals on the circuit to avoid phase change
in the set-up. Wrong connection will cause the failure in the experimental results.

To synthesize the sinusoidal waveforms, the phase of the bias current signal to
each parallel JJ array should be set the same, if the wire connection was correct.
Its frequency must be set to the same as the synthesized signal frequency. The
amplitude of the bias current signals needs to be carefully adjusted to ensure the
pure frequency spectrum of the synthesized output voltage. The amplitudes of
the pulses from PPG, the amplitudes and phase of the compensation signals from
waveform generators and even the gain of the new pulse amplifier should be
kept tuning until all the JJ arrays demonstrate common flat Shapiro steps. This
is observed from the oscilloscope. The successful operation of the JAWS can be
identified by the complete suppression of harmonics shown from the fast digitizer
PXI 5922. The digitizer was operated by batteries with a sampling rate of 500 kS/s
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Figure 63. Frequency spectrum of a synthesized sine wave using an integrated
JAWS chip with the two-stage serial-parallel power divider and 2,000 Josephson
junctions ( fAC = 1.875 kHz, Vrms = 21.93 mV, m = 2,000, fclock−PPG = 15 GHz, AΣ∆ =
0.5). The operation margin is about 740 µA.

at input range 10 V. No averaging in the setup was activated. A window function of
7-Term Blackman-Harris was applied. The frequency of synthesized AC voltages
in this chapter lies from a hundred Hz to a few kHz. Higher frequencies are also
possible. It is proved that there are no distortions up to the MHz range caused
by the JAWS system, as research indicated [77]. To better identify the AC output
voltage, the frequency bandwidth in the digitizer was shown only up to 50 kHz. A
frequency range larger than this is not necessary at all.

During the spectrum measurement, a current was sent from the self-made IV-
box through the low frequency coaxial cables to the JJ arrays. This current was
considered as the operation margin in a quantum locked state. It was determined
by observing the pure spectrum of the synthesized output voltage and the aligned
Shapiro steps shown in the oscilloscope. The current operation margin indicates
the widths of the common Shapiro steps of the JJ arrays at all pulse repetition
frequencies fp.

6.5.4 Test of on-chip power dividers integrated with non-stacked short JJ arrays

In the pulse operation, the JAWS chips with the two-stage serial parallel power
divider and 2,000 JJs (4 × 500 JJs, 500 JJs per arm) are operational up to a maximum
clock frequency of 15 GHz (return-to-zero pulses), when they are provided with
enough pulse power by the Optilab MD-50 amplifier. Operated at a clock frequency
of 15 GHz with the code amplitude of 50 %, this integrated circuit has operation
margins of 740 µA (Ic=2.3 mA). With a total number of 2,000 JJs, a bipolar output
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voltage of 22 mV (RMS) was synthesized. As the Figure 63 shows, higher harmonics
are not visible in the noise floor at -97 dBc. For higher code amplitude (> 60 %),
the harmonics level in the output spectrum is getting slightly higher because of
the coupling effect of the output ports of this divider, which was shown in the
simulation results. This divider is so compact that all the JJ arrays are placed very
close too each other. Consequently, at higher code amplitudes (> 60 %) there might
be interference between the JJ arrays. Spectrally pure waveforms are not realized
due to the rising noise floor.

By connecting to the Picosecond 5882 pulse amplifier, the JAWs chips integrated
with the one-stage single-section Wilkinson power divider at different center fre-
quencies (center frequency: 10 GHz, 15 GHz, 20 GHz and 25 GHz) and 1,000 JJs (2
× 500 JJs, 500 JJs per arm) were under test. The results showed that the test chips
with one-stage single-section Wilkinson power divider (center frequency: 10 GHz
and 15 GHz) have better performance and deliver higher synthesized AC output
voltages than the ones with higher center frequencies (center frequency: 20 GHz
and 25 GHz). The test chips with one-stage single-section Wilkinson power divider
(center frequency: 10 GHz and 15 GHz) are operated up to the maximal PPG clock
frequency of 15 GHz (return-to-zero pulses) with 80 % code amplitude. With a total
number of 1,000 JJs, the spectrally pure sinusoidal waveform of 17.6 mV (RMS) was
generated (see Figure 64). Higher harmonics are not visible in the noise floor at -97
dBc as well. In the frequency domain analysis, SNR is the ratio of the peak level
of the synthesized signal to the level of the noise in the background. Since the AC
output voltage in both cases is so small, a higher SNR readout cannot be realized.

In general, the designed integrated JAWS chips are very broadband and opera-
tional from lower clock frequencies up to maximum 15 GHz. Figure 63 and Figure
64 are the results of synthesized voltages from the integrated JAWS circuits operated
at higher clock frequencies. Due to its broadband performance, all the integrated
JAWS circuits are also operational at the lower clock frequencies (RTZ pulses). For
example, Figure 65 demonstrates a frequency spectrum of an AC output voltage
using an integrated JAWS chip with the one-stage single-section Wilkinson power
divider and 1,000 Josephson junctions (same circuit design as the Figure 64), when
the chip was operated at a clock frequency of 10 GHz with 80 % code amplitude.
The PPG sends the bipolar pulses with different pulse repetition frequencies fp ≤ 10
GHz. An RMS value of AC output voltage of 11.7 mV was generated (Figure 65).
As expected, the synthesized AC output voltage is much smaller than the one at a
clock frequency of 15 GHz with 80 % code amplitude. Therefore, for the purpose of
increasing AC output voltages, the main focus is the measurement at higher clock
frequencies of JAWS circuits with larger code amplitudes.
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Figure 64. Frequency spectrum of a synthesized sine wave using an integrated JAWS
chip with the one-stage single-section Wilkinson power divider (center frequency:
15 GHz) and 1,000 Josephson junctions ( fAC = 1.875 kHz, Vrms = 17.55 mV, m =
1,000, fclock−PPG = 15 GHz, AΣ∆ = 0.8). The operation margin is about 260 µA [78].

Figure 65. Frequency spectrum of a synthesized sine wave using an integrated JAWS
chip with one-stage single-section Wilkinson power divider and 1,000 Josephson
junctions ( fAC = 1250 Hz, Vrms = 11.7 mV, m = 1,000, fclock−PPG = 10 GHz, AΣ∆ = 0.8).
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Figure 66. Frequency spectrum of a synthesized sine wave using an integrated
JAWS chip with the one-stage three-section Wilkinson power divider and 3,000
Josephson junctions ( fAC = 1.875 kHz, Vrms = 53 mV, m = 3,000, fclock−PPG = 15 GHz,
AΣ∆ = 0.8). The operation margin is about 350 µA.

6.5.5 Test of improved Wilkinson power dividers integrated with short triple-
stacked JJ arrays

To generate higher quantized AC signals, triple-stacked JJs need to be applied
and tested along with the on-chip power dividers. Each short JJ array has the same
electrical length as the arrays in section 6.5.3, but more JJs were integrated on the
chip due to embedded triple-stacked JJs. The JAWS chips with one-stage three-
section Wilkinson and 3,000 JJs (2 × 1,500 JJs, 1,500 JJs per arm) are operational
up to a maximum clock frequency of 15 GHz (RTZ pulses) with a code amplitude
of 80 %. The pico-second pulse amplifier provides sufficient power for both JJ
arrays integrated with the one-stage Wilkinson power divider. Figure 66 shows
the frequency spectrum of a synthesized sine wave with an RMS output voltage of
about 53 mV. The current operation margins are 350 µA. No higher harmonics are
observed above the noise floor at -106 dBc (SNR>106 dBc). Compared to the results
in section 6.5.3, SNR becomes higher, because the magnitude of the synthesized
AC signal in Figure 66 is slightly larger, while the noise level remains very low.

Applying the MD-50 modulator pulse amplifier, the JAWS chips with the two-
stage Wilkinson power divider and 6,000 JJs is operated up to clock frequencies
of 15 GHz (return-to-zero pulses) with 80 % code amplitude. Each RF channel
operated 4 parallel JJ arrays (1500 JJs per arm). The RMS output voltage of the
spectrally pure sinusoidal waveform from this chip has increased up to about 105
mV and the noise floor is optimally suppressed under -110 dBc, see Figure 67. The
operation margins exceed 300 µA in both integrated JAWS chips, which clearly
demonstrates the operation of JAWS chips in a quantum locked state.
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Figure 67. Frequency spectrum of a synthesized sine wave using an integrated JAWS
chip with the two-stage Wilkinson power divider and 6,000 Josephson junctions
( fAC = 1.875 kHz, Vrms = 105 mV, m = 6,000, fclock−PPG = 15 GHz, AΣ∆ = 0.8). The
operation margin is about 300 µA [76].

6.5.6 Increasing the AC output voltage generated from a single JAWS chip

In the previous measurements, it has been proved that the on-chip power dividers
were successfully integrated and compatible with the short JJ arrays in JAWS.
Spectrally pure AC output voltages generated from these integrated JAWS chips
were demonstrated. The short-term goal of this project has been achieved. To
increase the AC output voltages of JAWS even more, the on-chip power dividers
were integrated with extended triple-stacked JJ arrays, the designs of which were
depicted in chapter 4 in detail. These chips were further optimized and fabricated
continuously.

Figure 68 shows the measurement result of one of the integrated JAWS chips. By
using the MD-50 modulator pulse amplifier, the integrated JAWS chip with one-
stage single-section Wilkinson power divider and triple-stacked 9,000 JJs (overall
18,000 JJs) is operational up to a clock frequency of 15 GHz (return-to-zero pulses).
The demonstrated RMS output voltage of the spectrally pure sinusoidal waveform
is 300 mV, when it is operated at a clock frequency of 14 GHz with 81.4 % code
amplitude. The code amplitude was only fine-tuned at 81.4 % in order to obtain
an exact integer quantity of an AC output signal (300 mV). There are no higher
harmonics above the noise floor at -130 dBc. 10 averages were activated. The
synthesized output voltage is higher than the standard JAWS array (5-stacked
3,000 JJs, overall 15,000 JJs), which is about 250 mVrms per RF channel. With the
margins of around 200 µA, this common Shapiro steps from this JAWS chip stay in
a quantum locked state.
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Figure 68. Frequency spectrum of a synthesized sine wave using an integrated
JAWS chip with the one-stage single-section Wilkinson power divider and 18,000
Josephson junctions ( fAC = 100 Hz, Vrms = 300 mV, m = 18,000, fclock−PPG = 14 GHz,
AΣ∆ = 0.814). The operation margin is about 180 µA.

As two identical integrated JAWS circuits were fabricated on one chip, the AC
output voltage is further increased by connecting both integrated JAWS circuits (JJ
arrays) together and initiating two PPG-channels at the same time. Each RF channel
was connected to an integrated JAWS circuit. That means, two RF channels drive
altogether 36,000 JJs at one chip. When both circuits were operated at a clock
frequency of 14 GHz with 81.4 % code amplitude in the same condition, frequency
spectrum of a synthesized bipolar sine wave with an RMS output voltage of 600
mV was synthesized (see Figure 69).

In the case where each PPG-channel were separately operated, both integrated
JAWS circuits deliver spectrally pure AC RMS voltages of 300 mV with a harmonic
suppression of -130 dBc and -125 dBc. When both RF channels were combined
and operated at the same time, the output AC voltages was increased to 600 mV as
expected. This is so far the highest output voltage generated by one JAWS chip at
PTB. For the first time, the synthesized AC output voltage from integrated JAWS
chips using on-chip power divider (600 mV per chip) has surpassed the one from
standard JAWS chips without (500 mV per chip). The noise floor was suppressed
up to -105 dBc, which is a little higher than expected. The reason for that is the
cross-talk exists between the very close two RF CPW circuits on the chip-carrier
and two parallel semi-rigid cables in the cryoprobe.
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Figure 69. Frequency spectrum of a synthesized sine wave using an integrated
JAWS chip with two one-stage single-section Wilkinson power dividers and 36,000
Josephson junctions ( fAC = 100 Hz, Vrms = 600 mV, m = 36,000, fclock−PPG = 14 GHz,
AΣ∆ = 0.814).

6.6 Discussion

The fabrication process of JAWS has demonstrated a good fabrication yield and
high quality of integrated circuits on silicon substrate. The experiment results
showed that the actual value of the fabricated on-chip passive components, in-
cluding the spiral inductors, DC-block capacitors and thin-film resistors is mostly
quite close to the target value in the lower frequency range at 4 K; the co-sputtering
process provides a very good barrier reproducibility and homogeneous thickness
as expected. The parameters (IcRn product) of the JJs that were characterized at 4 K
are approximate to what was desired to achieve. The data showed a good match
to the diagram of critical current density-characteristic voltage of NbxSi1−x at 4 K.

To further investigate and find the suitable JJ parameters for the integrated JAWS
circuits with on-chip power dividers, several different JJ parameters were realized
and studied. In the test, the design of the integrated JAWS circuits remains the same.
The thickness of the NbxSi1−x was changed to achieve different JJ parameters (mainly
the characteristic frequency fc). The JAWS chips with a lower fc of JJs are more likely
to achieve spectrally pure AC output voltages at higher clock frequencies with over
80 % code amplitude. The JAWS chips with a higher characteristic frequency (e.g.
fc = 15 GHz) operate only up to 10 % code amplitude at higher clock frequencies,
which leads to the synthesis of lower output AC voltages. The critical current of
JJs should not be higher than 6 mA. Although the MD-50 pulse amplifier in the
existing JAWS set-up provides sufficient power for the larger arrays, its power
is still limited. It would be difficult to drive all the large JJ arrays (Ic > 7 mA)
and the on-chip power dividers, because the pulse power setting from the PPG
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is almost at the maximum range. After measuring all the integrated JAWS with
power dividers, typical JJ parameters for integrated JAWS with power dividers
were found as reference : Ic ≈ 3.3 mA, Rn ≈ 3.12 mΩ, Vc ≈ 10.3 µV, fc ≈ 5 GHz. To
achieve better experimental results, the fabricated JJ parameters should not be too
far away from these values.

The frequency-dependent behavior of the on-chip power dividers was measured
at 4 K by means of their integrated JJ arrays. The input RTZ-pulses have a pulse
repetition frequency ranging from 3 GHz to 15 GHz. Higher frequencies are not
available from the current PPG set-up. The first Shapiro steps of the JJ array
integrated with the on-chip power dividers are homogeneous and wide enough
over a wide frequency range. This is a requirement of synthesis of spectrally
pure AC voltages. The measured results showed a broadband performance, which
displayed an excellent consistency to the simulated results of the on-chip power
dividers in chapter 3.

Another way of characterizing the frequency-dependent behavior of on-chip
power dividers is to use the on-wafer TRL calibration method to extract the S-
parameter of the on-chip power divider at cryogenic temperature. To realize this at
PTB, the TRL on-wafer designs were successfully developed and fabricated in the
clean room. However, in the reflect standard measurement, it was observed there is
crosstalk between the two RF channels in the cryoprobe and PCB carrier. Therefore,
the extracted S-parameters of the DUT were not as good as expected. Such crosstalk
has no negative influence of the JAWS measurement itself, because each integrated
JAWS circuit per RF channel was usually separately measured. Spectrally pure
sinusoidal waveforms were synthesized with this probe and PCB carrier. The
cryogenic S-parameter measurement of on-chip components is generally highly
required and a very interesting hot research topic in the quantum superconducting
electronic circuits. In addition to correct circuit designs for calibration standards,
matched measurement equipment, well-isolated probe arms, and time for further
investigation are also needed for this measurement.

In the synthesis of AC voltages, the measured JAWS circuit with serial-parallel
power divider has operated only up to 50 % code amplitude at higher clock frequen-
cies. It seems very difficult to suppress the harmonics and achieve clean spectra
at higher clock frequencies with larger code amplitudes (≥ 60 %). This is because,
unlike the Wilkinson power dividers, it has a weak isolation and coupling effect
between its output ports, which has been already shown in the simulation. Even
though for this divider the code amplitude is limited up to 50 %, it has the advan-
tage of being compact and able to operate four parallel JJ arrays. By extending the
length of the JJ arrays and embedding a large number of JJs (design layout: Figure
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Figure 70. Frequency spectrum of a synthesized sine wave using an integrated JAWS
chip with two-stage serial-parallel power divider and 20,400 Josephson junctions
( fAC = 1750 Hz, Vrms = 209 mV, m = 20,400, fclock−PPG = 14 GHz, AΣ∆ = 0.5).

33), a high AC output voltage with RMS value of 209 mV was also synthesized (see
Figure 70). It has a SNR better than 112 dBc. This indicates that with serial-parallel
power divider, generating a higher AC output voltage is still possible. It is worth
optimizing this power divider further and even integrate more JJs into the circuit.

In contrast, the JAWS integrated with Wilkinson type power dividers (one-
stage single-section, one-stage three-section and two-stage single-section Wilkin-
son power dividers) generated spectrally pure waveforms, even when they were
operated with higher code amplitude of 80 % and more. The highest AC output
voltage of 300 mV per RF channel (600 mV per chip) was generated by integrating
the one-stage single-section Wilkinson power divider. This is the new record of
generating AC output voltages per one JAWS chip at PTB.

So far, the integrated JAWS with Wilkinson type power dividers have generated
spectrally pure AC output voltages at higher clock frequency with code amplitude
higher than 80 %. In general, it is very demanding to achieve spectrally pure AC
output voltages when driving a large number of JJs at higher clock frequencies with
code amplitudes higher than 90 %. One of the reasons is because by using the test
codes, the measured bipolar pulse amplitude from PPG slightly decreases and does
not truly stay return-to-zero when the pulse density and clock frequency increases.
In the JAWS operation, it is observed that the less ideal PPG-channel can reduce
the operation margins (flat region) of common first Shapiro steps, when the chip
was operated at higher clock frequency with large code amplitudes. With the code
amplitude higher than 90 %, the margins of the common first Shapiro steps of JJ
arrays are too small to demonstrate a clean spectrum of the synthesized AC signal.
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Figure 71. Measured step width of both JJ arrays (Array 1 and Array 2) integrated
with one-stage three-section Wilkinson power divider as a function of pulse am-
plitude at a pulse repetition frequency of 10 GHz. Each array contains 1500 JJs.

In the frequency domain, it is observed that the harmonic level starts increasing in
the background.

The other reason is that the on-chip power dividers are not perfect. Taking
the one-stage three-section Wilkinson power divider as an example, the simulated
amplitude balance is smaller than 0.01 dB within 30 GHz. This indicates, due to
nearly perfect symmetry, that power divider has an almost equal power splitting
in an ideal situation. In the measurement at 4 K, both JJ arrays integrated with
this divider were tested as a function of pulse amplitude at a clock frequency
of 10 GHz. Their first Shapiro steps are comparably wide over the tested range
of pulse power, but not yet completely identical (see Figure 71). The maximum
difference of first Shapiro steps is around 0.2 mA. Because of slight fabrication
tolerances and measurement uncertainties, the measured results showed that the
amplitude balance (the difference between power levels at the output ports) is
different from 0 dB, but rather dependent on the pulse power amplitude and
the frequency in the real application. Such difference can affect the flatness and
margins of common Shapiro steps generated from the combined JJ arrays, as the
pulse repetition frequency and the amplitude of input pulses increase. To improve
this, it requires a more detailed investigation in cryogenic S-parameter on-wafer
measurements.
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7. Conclusion and outlook
The Josephson Arbitrary Waveform Synthesizer (JAWS) based on pulse-driven

JJ series arrays enables arbitrary waveforms with pure frequency spectra to be
generated. For higher RMS output voltages of the JAWS, a corresponding number
of some 10,000 JJs must be integrated in rather compact designs. Therefore, on-
chip power dividers are required, which divide the pulse sequence of the PPG into
two or four parallel JJ arrays. In this work, broadband compact on-chip power
dividers for the JAWS were developed, fabricated and characterized. Two main
types of power dividers were investigated here, namely two-stage serial-parallel
power dividers and Wilkinson power dividers (one-stage single-section Wilkinson,
one-stage three-section Wilkinson and two-stage single-section Wilkinson power
divider).

First, concepts of the different power dividers were developed. The power di-
viders were then simulated numerically in the RF range and improved step by step.
The simulated results showed that all the designed power dividers were broad-
band within a wide frequency range. The two-stage serial-parallel power divider
and one-stage three-section Wilkinson power divider have a more broadband per-
formance than the one-stage single-section and two-stage single-section Wilkinson
power divider. All Wilkinson type dividers have no phase shift and good isolation
between output ports, compared to the serial-parallel power divider.

The power dividers were subsequently combined with JJ arrays for complete
chip and wafer designs. They were successfully integrated in JAWS short test
arrays comprising a limited number of JJs and proved to be quite compatible
with the JAWS. In experiments, all the developed on-chip power dividers showed
broadband performance, which displayed an excellent match to the simulated
results. In this work, all Wilkinson type power dividers integrated with JAWS were
operated better and easier than the serial-parallel power divider, because there is
no phase shift and good isolation between output ports in Wilkinson dividers, as
the simulation indicated. Spectrally pure AC waveforms were synthesized at 4 K.
The JAWS chips with a one-stage three-section Wilkinson divider and 3,000 JJs
delivered RMS output voltages of 53 mV, while RMS output voltages of 105 mV
were generated using JAWS chips with a two-stage Wilkinson power divider and
6,000 JJs. They were both operated up to the maximum available clock frequency
of 15 GHz with a high code amplitude of 80 %. With these results the short-term
goal of the project has been achieved.
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For the purpose of further increasing the AC output voltage, the number of
the JJs along the arrays has been increased. Triple-stacked JJs in the meandered
and extended arrays were applied. So far, the highest synthesized AC output
voltage generated from these on-chip power dividers and longer series arrays per
RF channel is 300 mV. This leads to the generation of RMS AC voltages of 600
mV per one JAWS chip (36,000 JJs per chip). This measured result has surpassed
synthesized output AC voltages of 500 mV from previously available standard
JAWS arrays on one chip (30,000 JJs per chip). Therefore, the long-term goal of
increasing the synthesized AC voltages has been realized as well. And there is still
potential for increasing the voltage even more, as more JJs in the JAWS chips will
be integrated by applying 4- or 5-stacked JJs and extending the electrical length
of JJ arrays further. Furthermore, a faster PPG equipment ( fp ≤ 20 GHz) will be
available soon and be added into the JAWS system at PTB.

With the help of these on-chip power dividers, two or four parallel JJ arrays were
driven and operated at the same time by using only one PPG-channel. The number
of PPG-channels at room temperature used to drive the JAWS arrays was reduced.
But each parallel JJ series array was still connected with bias current source through
a low frequency cable for current compensation (e.g.: a two-stage power divider
needs four low frequency cables). Recently, a zero compensation method [79], [80],
[81] of operating JAWS arrays has been proposed, which offers the advantage of
waveform synthesis without the compensated low frequency currents. By applying
this method in the integrated JAWS with on-chip power dividers, it would help to
reduce the number of low frequency cables in the set-up in the future.

One of the main challenges of future development of JAWS is to synthesize
higher AC output signals and also to suppress the noise level without adding more
distortion. This is especially difficult when more RF channels from the PPG are
operated, and many parallel JJ arrays, integrated with on-chip power dividers,
are connected at the same time. Recently, PTB’s four-terminal-pair Josephson
impedance bridge [82] has demonstrated JJ arrays in a special chip carrier with
two separated capsules to provide individual shields for each array. This shield
helps to reduce the crosstalk between the RF channels. It should be applied in
the measurement of integrated JAWS in the future when multiple integrated JAWS
chips and many RF channels from PPG are connected.

To summarize, the on-chip power dividers with integrated JAWS of this dis-
sertation are very promising. The number of Josephson junctions operated by a
single channel of the PPG was significantly increased. The measurement results
of the different power dividers were reproducible so that these dividers will be
used for JAWS applications further. Consequently, different research directions
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7. Conclusion and outlook

regarding novel approaches of operating or applying the JAWS will benefit from
the new power dividers. A single 1 V JAWS chip seems possible at PTB in the near
future. Therefore, the on-chip power dividers are of deep interest to pulse-driven
Josephson voltage standards, the Josephson Arbitrary Waveform Synthesizer.
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A Impedance calculation of coplanar waverguide

Appendix A. Impedance calculation of coplanar waverguide

1 c l e a r a l l
2 c l o s e a l l
3 c l c
4 %one l a y e r of s u b s t r a t e f o r the transmiss ion l i n e ( based on

models from Reinmut K. Hoffmann )
5 %Revised : 3 1 . 0 8 . 2 0 1 7 from Hao Tian
6 % For coplanar waveguide (CPW)
7 %%%%%%%%%%%%%%%%%%% Parameters %%%%%%%%%%%%%%%%%%
8 l =2000e−6; % length of the coplanar l i n e in m
9 h=380e−6; % height of s u b s t r a t e in m

10 g=5.9 e−6; % gap in m
11 a =14.6 e−6 ; %width of s i g n a l s t r i p
12 epsr =1 1 . 9 ;
13 t =0e−6; % Thickness of metal
14 w=100e−6; %width of ground s t r i p
15

16 b=a+2*g ;
17 c =2*g+a+2*w ;%width of CPW
18 i f w> 0 . 5 * ( a+2*g )
19

20 display ( ’ E r f u e l l t ’ )
21 end
22 i f w<=0.5*( a+2*g )
23

24 display ( ’ Nicht E r f u e l l t ’ )
25 end
26

27 k1=( c / b ) * s q r t ( ( b^2−a ^2) / ( c^2−a ^2) ) ;
28 ks1=s q r t (1−k1 ^2) ;
29 kks1=e l l i p k e ( k1 ^2) / e l l i p k e ( ks1 ^2) ;% e l l i p k e ( x ^2) i s the

accura te e l l i t i c a l i n t e r g r a l funct ion of f i r s t order
30

31

32 k2=sinh ( pi * c / ( 4 * h ) ) / sinh ( ( pi * ( b ) ) / ( 4 * h ) ) * s q r t ( ( ( s inh ( pi * b
/ ( 4 * h ) ) ) ^2−( s inh ( pi * a / ( 4 * h ) ) ) ^2) / ( ( s inh ( pi * c / ( 4 * h ) ) ) ^2−(
s inh ( pi * a / ( 4 * h ) ) ) ^2) ) ;
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A Impedance calculation of coplanar waverguide

33 ks2=s q r t (1−k2 ^2) ;
34 kks2=e l l i p k e ( k2 ^2) / e l l i p k e ( ks2 ^2) ;
35 epseff_CPW=1+(( epsr −1) / 2 ) * ( kks1 / kks2 )
36 Z0= (30* pi / s q r t ( epseff_CPW ) ) * kks1
37

38 % For symetr ic coplanar s t r i p l i n e
39 %%%%%%%%%%%%%%%%%%% Parameters %%%%%%%%%%%%%%%%%%
40 a0=105e−6; %gap in m
41 w0=91e−6; %width of s t r i p s in m
42 b0=2*w0+a0 ; %width of CPS in m
43 K0=a0 / b0 ;
44 Ks0=s q r t (1−K0^2) ;
45 KKs0=e l l i p k e (K0^2) / e l l i p k e ( Ks0 ^2) ;
46 K1=sinh ( pi * a0 / ( 4 * h ) ) / sinh ( ( pi * b0 ) / ( 4 * h ) ) ;
47 Ks1=s q r t (1−K1^2) ;
48 KKs1=e l l i p k e (K1^2) / e l l i p k e ( Ks1 ^2) ;
49 epseff_CPS =1+(( epsr −1) / 2 ) * ( KKs1 / KKs0 )
50

51 i f a0 / b0>0 & a0 / b0 <=0.173
52 display ( ’ E r f u e l l t 1 ’ )
53

54 Z01=( pi *30* pi ) / ( s q r t ( epseff_CPS ) * log ( 2 * s q r t ( b0 / a0 ) ) )
55

56 end
57

58 i f a0 / b0 >=0.173 & a0 / b0<1
59

60 display ( ’ E r f u e l l t 2 ’ )
61

62 Z01 = (120 / s q r t ( epseff_CPS ) ) * ( log ( 2 ) +2* atanh ( s q r t ( a0 / b0 ) ) )
63

64 end
65

66 Z01= (120* pi / s q r t ( epseff_CPS ) ) *KKs0
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B Impedance calculation of asymetric coplanar stripline

Appendix B. Impedance calculation of asymetric coplanar stripline

1

2 % For asymetr ic coplanar s t r i p l i n e
3 %%%%%%%%%%%%%%%%%%% Parameters %%%%%%%%%%%%%%%%%%
4 w2=62e−6
5 s=17e−6
6 w1=15e−6
7 epsr =11.9
8 h=380e−6
9 b=w2+s

10 d=w1+s
11 k=s q r t ( ( s / b ) * ( 1+ ( b / d ) −( s / d ) ) )
12 kk=s q r t (1−k^2)
13 A1=0 .5* pi * ( ( 2 * w2) / h+( s / h ) )
14 A2=0 .5* pi * ( s / h )
15 A3=0 .5* pi * ( ( 2 * w1) / h+( s / h ) )
16 t 1 =(exp (A1) −1) / ( exp (A1) +1)
17 t 2 =(exp (A2) −1) / ( exp (A2) +1)
18 t 3 =(exp (A3) −1) / ( exp (A3) +1)
19 k1=s q r t ( ( ( t1−t 2 ) * ( t3−t 2 ) ) / ( ( t 1+t 2 ) * ( t3+t 2 ) ) )
20 kk1=s q r t (1−k1 ^2)
21 %e p s e f f =( epsr +1) / 2
22 KKs0=e l l i p k e ( k^2) / e l l i p k e ( kk^2) ;
23 KKs1=e l l i p k e ( k1 ^2) / e l l i p k e ( kk1 ^2) ;
24 e p s e f f =1+(( epsr −1) / 2 ) * ( KKs0*KKs1 )
25 Z0cps = ( ( 6 0 * pi ) / s q r t ( e p s e f f ) ) * ( e l l i p k e ( k^2) / e l l i p k e ( kk^2) )
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C A summary of figures and their corresponding chip information

Appendix C. A summary of figures and their corresponding chip
information

Figure number Wafer and chip number Number of JJs
58 JAWSTEST20_4_B3#1_1 1,500 per arm
59 JAWSTEST20_4_B3#1_1 1,500 per arm
60 JAWSTEST20_4_B3#1_1 1,500 per arm
61 JAWSTEST20_4_B3#1_1 1,500 per arm
62 JAWS23_2_A3#2 9,000
63 JAWSTEST15_3_B4#2 2,000
64 JAWSTEST15_3_C5#2 1,000
65 JAWSTEST14_1_D3#1 1,000
66 JAWSTEST20_4_B3#1 3,000
67 JAWSTEST20_4_C3#1 6,000
68 JAWS32_2_A3#2 18,000
69 JAWS32_2_A3#1 and 2 36,000
70 JAWS30_5_C2#2 20,400

Table 7. A summary table of the demonstrated figures in section 6.5 and 6.6 and their
corresponding chip information is listed. This list is used for the documentation
and evaluation of results.
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