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CONTROL ARRANGEMENT AND METHOD

FIELD

The disclosure relates to providing phase-co-
herent oscillating signals. In particular, the phase-
coherent oscillating signals can be used as inputs to a

guantum computing system.

BACKGROUND

Phase-coherence has become increasingly im-
portant for many modern technologies. For example, tech-
nologies like quantum nanoelectronics and quantum com-
puting involve the use of special circuitry that oper-
ates at extremely low temperatures that can only be
achieved with advanced cryogenic cooling techniques.
Oscillating signals on microwave frequencies, for exam-
ple in the order of some GHz, can be used as inputs to
these circuits. There is thus the need to be able to
generate such signals at desired fregquency, amplitude,
and phase.

In particular, a characterizing feature for
modern systems such as quantum computing systems is that
for their inputs the phase information has to be ex-
tremely predictable. For a quantum computing system
providing several qubits, the coherence that needs to
be preserved in the phase degree of freedom of a quantum
superposition is not only internal to the qubits, but
also includes that of the qubits relative to each other.
With the increase of the number of qubits required for
practical applications in gquantum computation, the sys-
tem needs to be scalable in a manner that is effective
both in cost and space, while keeping the system rela-
tively simple to set up and be used by the operator.

While there are some phase-coherent microwave
generators on the market, these have a limited number

of coherent channels and no easy way to scale up the
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number. These options are also not cost-effective for

large systems.

SUMMARY

It is an objective to disclose an arrangement
and a method for providing phase-coherent oscillating
signals, which can be used as inputs to a highly phase-
coherent system such as a guantum computing system,
while avoiding or at least mitigating the problems of
prior art described above.

Another objective is that to provide a solution
that is scalable to operate on a large number of signal
channels, for example on tens, hundreds or even thou-
sands of channels. A further objective is to provide a
modular solution, which allows easy expansion of the
number of coherent channels in a cost-effective manner.

These and further advantageous objectives may
be achieved with an arrangement utilizing a single-clock
source for a plurality of channels.

Herein, “phase-coherence” for a pair of oscil-
lating signals may refer to phase-relation for the two
oscillating signals being predictable, in particular
from the construction of the arrangement providing the
pair. Alternatively, this may be described as the phase-
relation being deterministic. Two or more phase-coherent
oscillating signals may have a same frequency, but they
may also have a different frequency. When two or more
phase-coherent oscillating signals have a same fre-
quency, they may have a constant phase difference, for
example a zero phase-difference but also a different
constant phase difference as long as it is predictable.
When two or more phase-coherent oscillating signals have
a different frequency, their phase-relation can still
be predicted as the phase difference changes temporally
in a phase-coherent manner. Phase coherence correspond-

ing to an offset frequency, which corresponds to the
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frequency difference between two phase-coherent oscil-
lating signals, may also be advantageously used for
quantum computing applications.

Herein, expressions such as “upconversion” and
to “upconvert” may refer to increasing the frequency of
a signal or utilizing a signal having a first frequency
to provide a signal having a second fregquency, wherein
the second frequency is larger than the first frequency.
This may be accomplished in a phase-coherent manner so
that the phase relation of the signal before and after
the upconversion is deterministic, for example the phase
difference for the signal before and after the upcon-
version being zero or constant. Any upconversion re-
ferred herein may involve an increase in frequency by
at least a factor of 2-5 or even more, for example 10-
20 or more. Any upconversion referred herein may be
performed utilizing one or more integer multipliers for
frequency. Also dividers may be used.

According to a first aspect a control arrange-
ment for providing a plurality of phase-coherent oscil-
lating signals 1is disclosed. The control arrangement
comprises a reference <clock input arrangement for
providing a high-frequency reference clock signal. The
high-frequency reference clock signal can be provided
directly or indirectly from a reference clock generator.
The control arrangement further comprises a plurality
of modules each comprising a plurality of channels for
providing the plurality of phase-coherent oscillating
signals. The control arrangement comprises a first dis-
tribution arrangement for distributing the high-fre-
quency reference clock signal in a phase-coherent manner
to the plurality of modules and, within each of the
plurality of modules, a second distribution arrangement
for distributing the high-frequency reference clock sig-
nal in a phase-coherent manner to the plurality of chan-
nels of the respective module. The control arrangement

comprises within each of the plurality of channels a
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first phase-locked loop configured to upconvert the
high-frequency reference clock signal for providing one
of the plurality of phase-coherent oscillating signals.
Finally, the control arrangement may also comprise a
plurality of output transmission lines for coupling to
a receiving system such as a quantum computing system
so that each of the plurality of output transmission
lines couples one of the plurality of channels to the
receiving system.

According to a second aspect a method for
providing a plurality of phase-coherent oscillating sig-
nals is disclosed. The method comprises receiving a
high-frequency reference clock signal and distributing
the high-frequency reference clock signal in a phase-
coherent manner to a plurality of modules. A reference
clock generator may be arranged for providing a refer-
ence clock signal for directly or indirectly providing
the high-frequency reference clock signal. The method
further comprises, within each of the plurality of mod-
ules, distributing the high-frequency reference clock
signal in a phase-coherent manner to a plurality of
channels of the respective module and, within each of
the plurality of channels, upconverting the high-fre-
quency reference clock signal for providing one of the
plurality of phase-coherent oscillating signals. Fi-
nally, the method comprises outputting the plurality of
phase-coherent oscillating signals. The method allows
outputting the plurality of phase-coherent oscillating
signals for a receiving system such as a guantum compu-
ting system through a plurality of output transmission
lines for coupling to the receiving system so that each
of the plurality of output transmission lines couples
one of the plurality of channels to the receiving sys-
tem. For providing the plurality of phase-coherent os-
cillating signals, a control arrangement, such as the

control arrangement of the first aspect, can be used.
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In both aspects, the modules provide scalabil-
ity allowing increase of the total number of channels
of the control arrangement in an efficient and yet
phase-coherent manner. The arrangement and method allow
the phase locked-loop of each of the plurality of chan-
nels to be deterministically coupled to a single refer-
ence clock signal, such as the high-frequency reference
clock signal. The high-frequency clock signal may be
provided from a reference clock generator or be deter-
ministically coupled to a reference clock signal, such
as an initial reference clock signal, which can be pro-
vided directly or indirectly from a reference clock gen-
erator. This can be used for providing the plurality
of phase-coherent oscillating signals, in contrast to
some prior systems utilizing dedicated clocks for signal
generators. Even for phase-coherent oscillating signals
having different frequencies, the frequency difference
is due to a single reference clock signal, such as the
initial reference clock signal. Conseguently, any tem-
porally evolving phase differences can be deterministi-
cally predicted. In both aspects, the high-frequency
reference clock signal can be provided as an ultra-low
phase-noise reference clock signal. This allows provid-
ing the plurality of phase-coherent oscillating signals
with minimized phase-noise. In particular, the high-
frequency reference clock signal may be an ultra-low
phase-noise reference clock signal for quantum compu-
ting. The disclosed control arrangement and method then
allow the plurality of phase-coherent oscillating sig-
nals to be provided with minimized phase noise for quan-
tum computing. Both aspects allow providing phase-co-
herence high enough for the phase-coherent oscillating
signals to be suitable for use as inputs to a quantum
computing system.

In an embodiment, the reference clock input

arrangement comprises a reference clock signal input for
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providing an initial reference clock signal and an in-
itial phase-locked loop, which is coupled to the refer-
ence clock signal input and configured to upconvert the
initial reference clock signal for providing the high-
frequency reference clock signal.

In an embodiment, the method comprises receiv-
ing an initial reference clock signal and upconverting
the initial reference clock signal for providing the
high-frequency reference clock signal, for example uti-
lizing an initial phase-locked loop.

Upconvert an initial reference clock signal for
providing the high-frequency reference clock signal al-
lows providing very high quality high-frequency refer-
ence clock signals to be provided, which may also have
ultra-low phase noise. For this purpose, reference clock
generator for providing a frequency lower than the fre-
quency of the high-frequency reference clock signal may
be utilized. This allows using some of the very high
quality reference clock generators available at lower
frequencies such as 5-50 MHz, in particular at and
around 10 MHz, for example comprising a rubidium oscil-
lator for providing the initial reference clock signal.

In an embodiment, the reference clock input
arrangement comprises a motherboard arrangement and each
of the plurality of modules comprises a second circuit
board. This allows the modules to be introduced into the
arrangement as individual units on a circuit board, the
number and positioning of which can be efficiently con-
trolled. The initial phase-locked loop can be arranged
on the motherboard arrangement. The initial phase-locked
loop can be arranged on the motherboard arrangement.

In an embodiment, the reference clock signal
arrangement comprises a motherboard arrangement and the
plurality of modules is arranged for pluggable coupling
to the motherboard arrangement. This allows the number

of modules to be increased easily. The coupling may be
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releasable allowing the number of modules to be de-
creased easily as well. The pluggable coupling may be
arranged by means of an edge connector, for example by
a PCI Express connector. While the physical structure
of the connector may correspond to a PCI Express -con-
nector, the data transfer protocol and/or pin allocation
may also differ from those of PCI Express interfaces.
The initial phase-locked loop can be arranged on the
motherboard arrangement.

The first distribution arrangement allows the
high-frequency reference clock signal to be distributed
to the modules while this signal still has a frequency
smaller than the frequency of any of the plurality of
phase-coherent oscillating signals. This is particu-
larly advantageous when edge connectors are used for the
pluggable coupling as the coupling takes place at the
smaller frequency, for example of some hundred MHz or
less.

In an embodiment, each of the plurality of mod-
ules comprises a plurality of shields for radio-fre-
quency (rf) shielding of each of the plurality of chan-
nels of the respective module. This allows channel-spe-
cific rf shielding in an efficient manner as the chan-
nels can be shielded not only from the environment but
also from each other.

In an embodiment, the initial reference clock
signal has a frequency of 5-50 MHz. This frequency may
correspond to the nominal frequency for the initial ref-
erence clock signal. The accuracy of the frequency may
be high, even 5e-11 (+/-) or better. It has been found
that in some embodiments an accuracy of 20 ppm (+/-) or
better for the frequency can be advantageously used for
maintaining phase-coherence. This can be used, for ex-
ample, when the initial reference clock signal is pro-
vided utilizing a reference clock signal from a rubidium

oscillator. In some embodiments, the frequency can be
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10 MHz, which has been found to be particularly utiliz-
able for upconversion at the initial phase-locked loop,
for example due to its compatibility with integer fac-
tors. In this case, the accuracy may also be high, even
5e-11 (+/-) or better and an accuracy 20 ppm (+/-) or
better can be advantageously used for maintaining phase-
coherence. Herein, the “accuracy” of the frequency may
also refer to a maximal deviation from the nominal fre-
quency, which allows maintaining phase coherence between
the initial reference clock signal and the high-fre-
quency reference clock signal.

In an embodiment, the high-frequency reference
clock signal has a frequency of 100-250 MHz. This fre-
quency may correspond to the nominal frequency for the
high-frequency reference clock signal. Both the minimum
frequency 100 MHz and the maximum frequency 250 MHz have
been found to provide notably improved compatibility for
the arrangement. The accuracy of the frequency may be
high, and it has been found that in some embodiments an
accuracy of 20 ppm (+/-) or better for the frequency can
provide notable benefits.

In an embodiment, the plurality of phase-co-
herent oscillating signals has a frequency of 1-15 GHz.
This frequency may correspond to the nominal frequency
for a phase-coherent oscillating signal. These frequen-
cies have been found to be particularly efficiently us-
able for quantum computing with the present disclosure.

In an embodiment, the amplitude and/or fre-
quency of at least one of the plurality of phase-coher-
ent oscillating signals is adjustable by a digital con-
trol signal for the respective channel.

In an embodiment, the control arrangement com-
prises a control connection for remote adjustment of the
frequency and/or amplitude of the plurality of phase-
coherent oscillating signals. The control connection may

comprise a wired and/or wireless connection.
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In an embodiment, the method comprises adjust-
ing the amplitude and/or frequency of at least one of
the plurality of phase-coherent oscillating signals by
a digital control signal for the respective channel. The
adjustment may be performed remotely.

The individual adjustability for the plurality
of phase-coherent oscillating signals markedly improves
the flexibility of the solution.

According to a third aspect, a generator ar-
rangement for providing a plurality of phase-coherent
oscillating signals is disclosed. The generator arrange-
ment comprises the control arrangement according to the
first aspect or any of its embodiments and a reference
clock generator arranged for providing a reference clock
signal for providing the high-frequency reference clock
signal. The reference clock signal may be provided to
the reference clock input arrangement. It may be pro-
vided directly as the high-freguency reference clock
signal or indirectly, for example as the initial refer-
ence clock signal, which may be upconverted by the ref-
erence clock input arrangement to provide the high-fre-
quency reference clock signal.

In an embodiment, the reference clock generator
has an accuracy of 20 ppm (+/-) or better for providing
the reference clock signal. The accuracy is defined with
respect to the frequency of the reference clock signal.

According to a fourth aspect, a gquantum compu-
ting arrangement comprises a control arrangement ac-
cording to the first aspect or any of its embodiments
and a quantum computing system, wherein the control ar-
rangement is coupled to the guantum computing system for
providing a plurality of phase-coherent oscillating sig-
nals for the quantum computing system. The arrangement
may also comprise a reference clock generator arranged
for providing a reference clock signal to the reference
clock input arrangement for providing the high-frequency

reference clock signal.
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It is to be understood that the aspects and
embodiments described above may be used in any combina-
tion with each other. Several of the aspects and embod-
iments may be combined together to form a further em-

bodiment of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are included
to provide a further understanding and constitute a part
of this specification, illustrate examples and together
with the description help to explain the principles of
the disclosure. In the drawings:

Figure 1 schematically illustrates a first ar-
rangement according to an example,

Figure 2 schematically illustrates a control
arrangement according to an example, and

Figure 3 schematically illustrates a method
according to an example.

Like references are used to designate equiva-
lent or at least functionally equivalent parts in the

accompanying drawings.

DETAILED DESCRIPTION

The detailed description provided below in con-
nection with the appended drawings is intended as a
description of examples and is not intended to represent
the only forms in which the example may be constructed
or utilized. However, the same or egquivalent functions
and structures may be accomplished by different exam-
ples.

Figure 1 illustrates a first arrangement 1 ac-
cording to an example. The first arrangement 1 is an
arrangement for providing and/or utilizing phase-coher-
ent oscillating signals, such as a qguantum computing

arrangement. The first arrangement 1 comprises, at
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least, a control arrangement 100 for providing a plu-
rality of phase-coherent oscillating signals. It may
further comprise a receiving system 20 for the plurality
of phase-coherent oscillating signals, such as a guantum
computing system. The first arrangement 1 may also com-
prise a reference clock generator 10. The reference
clock generator 10 and the control arrangement 100 may
be coupled together releasably or non-releasably, for
example on the same support. The first arrangement 1 may
be a generator arrangement 300 comprising, at least, a
reference clock generator 10 and control arrangement
100. The first arrangement 1 may comprise a coupling
arrangement 30 for coupling the control arrangement 100
to the receiving system 20 for providing a plurality of
phase-coherent oscillating signals for the receiving
system 20.

The reference clock generator 10 is configured
for providing an initial reference clock signal. The
reference clock generator 10 may have a high accuracy
for output frequency, for example 20 ppm (+/-) or bet-
ter. The reference clock generator 10 may comprise a
crystal oscillator for providing the initial reference
clock signal. In some embodiments, the reference clock
generator 10 comprises a rubidium oscillator for provid-
ing the initial reference clock signal. The reference
clock generator 10 may be integrated with the control
arrangement 100 or it may be an external reference clock
generator. As an example, F3725 of Stanford Research
Systems may be used for the reference clock generator.
The reference clock generator 10 may have a low phase
noise at different offset frequencies.

The receiving system 20 is a system utilizing
phase-coherent oscillating signals, such as a guantum

computing system. A quantum computing system may be ar-
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ranged for providing a plurality of qubits. The receiv-
ing system 20 may comprise or be operated within a cry-
ostat for providing cryogenic cooling.

The coupling arrangement 30 may comprise a plu-
rality of transmission lines for coupling the control
arrangement 100 to the receiving system 20, for example
by releasable coupling. The coupling arrangement 30 may
further comprise one or more mixers (not illustrated),
such as frequency mixers, for modulating the plurality
of phase-coherent oscillating signals. In some embodi-
ments, the one or more mixers are located within a cry-
ostat. The plurality of phase-coherent oscillating sig-
nals may comprise one or more carrier signals, which can
thereby be mixed with a modulating signal, such as a
control signal for a qubit for the receiving system 20.

Figure 2 illustrates a control arrangement 100
according to an example. The control arrangement 100
comprises a reference clock input arrangement 102 for
providing a high-frequency reference clock signal. The
high-frequency reference clock signal may be provided
directly or indirectly from the reference clock gener-
ator 10. This signal can be provided from the reference
clock generator 10 as disclosed above. The frequency of
the high-frequency reference clock signal may be, for
example 50-1000 MHz. In some embodiments, the frequency
may be at least 100 MHz and/or at most 250 MHz, both of
the upper and the lower limit having been found to pro-
vide improved functionality for the control arrangement
100, alone or in combination. Any frequency here may
correspond to the nominal frequency of the reference
clock generator 10.

The reference clock input arrangement 102 may
comprise a reference clock signal input 110 for input-
ting an initial reference clock signal. This allows in-

directly providing the high-frequency reference clock
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signal from the reference clock generator 10. The ref-
erence clock generator 10 may be utilized for providing
the initial reference clock signal. The reference clock
input arrangement 102 may then comprise an initial
phase-locked loop 120, which is coupled to the reference
clock signal input 110 for providing a high-frequency
reference clock signal, for example having a frequency
of 100-250 MHz. For this purpose, the initial phase-
locked loop may comprise an oscillator of the corre-
sponding frequency.

The frequency of the initial reference clock
signal may be, for example 5-250 MHz. In some embodi-
ments, the frequency may be 5-50 MHz. In particular, the
frequency of 10 MHz has been found to provide additional
benefits for scalable upconversion. The accuracy for the
frequency can be 20 ppm (+/-) or better. Any frequency
here may correspond to the nominal frequency of the
reference clock generator 10.

In some embodiments, the initial reference
clock signal may be a square-wave signal when inputted
to the initial phase-locked loop 120. The reference
clock input arrangement 102 may comprise a signal pro-
cessing arrangement for adjusting the properties, such
as shape, of the initial reference clock signal, for
example situated between the reference clock signal in-
put 110 and the initial phase-locked loop 120.

The control arrangement 100 comprises a plu-
rality of modules 130, where each module comprises a
plurality of channels 160 for providing the plurality
of phase-coherent oscillating signals. There is no di-
rect upper limit for the number of modules 130. Conse-
quently, the number of modules may be relatively small,
for example 4-10, or larger, for example 10-100 or more.
Similarly, the number of channels 160 in each of the

plurality of modules 130 may be relatively small, for
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example 4-10, but also larger, for example 10-100 or
more.

The reference clock input arrangement 102 may
comprise a motherboard arrangement 104 for support and
connectivity, for example for the initial phase-locked
loop 120 and/or the first distribution arrangement 140.
The motherboard arrangement 104 may comprise or be
formed by one or more circuit boards arranged as a moth-
erboard. The initial phase-locked loop 120 can be ar-
ranged on the motherboard arrangement 104. Similarly,
the reference clock signal input 110 may be arranged on
the motherboard arrangement 104, for example providing
a pluggable coupling for a transmission connection for
the initial reference clock signal, such as a transmis-
sion line from the reference clock generator 10. Alter-
natively or additionally, each of the plurality of mod-
ules 130 may comprise at least one second circuit board
132 for providing support and connectivity for the re-
spective module. The components of each of the modules
130 may thereby be arranged at one or more module-spe-
cific circuit boards, which may be joined as one sup-
port. This allows efficient separation of the modules
130 from each other and from the motherboard arrangement
104. Any circuit boards mentioned herein may be printed
circuit boards (PCB).

The control arrangement 100 comprises a first
distribution arrangement 140 for distributing the high-
frequency reference clock signal in a phase-coherent
manner to the plurality of modules. The first distribu-
tion arrangement 140 may comprise wiring for providing
signal paths for the high-frequency reference clock sig-
nal to each of the modules 130, for example from the
initial phase-locked loop 120. Two or more of the signal
paths may be of egqual length for maintaining the same
phase for the respective modules 130. However, the sig-

nal paths may also be of different length since for
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phase-coherence it is not necessarily required that the
phase is conserved as long as the phase-relation is
deterministic. The first distribution arrangement 140
may comprise pluggable coupling for the plurality of
modules 130. For example, the first distribution ar-
rangement 140 may comprise a plurality of plug/socket
connections 142 for the plurality of modules 130,
wherein each plug/socket connection comprises a first
end and a second end, which are compatible with each
other for insertion. A first end 134 of a plug/socket
connection, for example a plug, may be arranged at each
of the plurality of modules 130. A second end of a
plug/socket connection, for example a socket, may be
arranged at the reference clock input arrangement 102,
for example on the motherboard arrangement 104 thereof.
The plug/socket connection may comprise an edge con-
nector, for example a PCI Express connector.

In some embodiments, the high-fregquency refer-
ence clock signal may be a square-wave signal when pro-
vided for the modules 130. The control arrangement 100
may comprise a signal processing arrangement for ad-
justing the properties, such as shape, of the high-
frequency clock signal. It may be arranged at the ref-
erence clock input arrangement 102, for example on the
motherboard arrangement 104. It may also be situated at
or before the first distribution arrangement 140.

The plurality of modules 130 each comprise a
second distribution arrangement 150 for distributing the
high-frequency reference clock signal in a phase-coher-
ent manner to the plurality of channels 160 of the re-
spective module 130. The second distribution arrangement
150 may comprise wiring for providing signal paths for
the high-frequency reference clock signal from the first
distribution arrangement 140 to each of the channels 160
of the respective module 130. Two or more of the signal

paths may be of egqual length for maintaining the same
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phase for the respective channels 160. However, the sig-
nal paths may also be of different length since for
phase-coherence it is not necessarily required that the
phase is conserved as long as the phase-relation is
deterministic. The second distribution arrangement 150
may also comprise one or more signal processing devices
152, such as buffer amplifiers, for processing the high-
speed reference clock signal. For example, a buffer am-
plifier at each of the plurality of modules 130 allows
providing a scalable fan-out for the control arrangement
100. The second distribution arrangement 154 may also
one or more low-pass filters for low-pass filtering the
high-frequency reference clock signal. The low-pass fil-
tering may be performed at a filtering frequency below
1 GHz, for example at 400-700 MHz. In some embodiments,
such filtering is performed separately for each of the
plurality of channels 160 of the respective module 130.
The module 130 may comprise two low-pass filters 154 for
each of the plurality of channels 160 to allow filtering
from a high-frequency clock signal corresponding to a
differential reference clock generator. The low-pass
filtering for each of the plurality of channels 160 may
be directly coupled to the input of the first phase-
locked loop 162 of the respective channel 160. The low-
pass filtering may be used to alleviate the output of
the channels 160 from leaking back into the first phase-
locked loops 162 of the other channels 160, which may
weaken the crosstalk between channels 160 at some fre-
quencies, for example above 1 GHz.

FEach of the plurality of channels 160 comprises
a first phase-locked loop 162 configured to upconvert
the high-frequency reference clock signal for providing
one of the plurality of phase-coherent oscillating sig-
nals. In an embodiment, each of the plurality of phase-
coherent oscillating signals may have a frequency of 1-

15 GHz, making them particularly suitable for qgquantum
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computing, for example to be used as carrier signals.
FEach of the plurality of channels 160 may also comprise
an amplifier 164, such as a radio-frequency amplifier,
for amplifying the amplitude of the respective phase-
coherent oscillating signal. In some embodiments, the
amplifier 164 is a voltage-controlled amplifier. In some
embodiments, the amplification of the amplifier 164 can
be controlled by a digital-to-analog converter, which
provides a voltage to an operational amplifier, which
in turn powers the amplifier 164. The amplifier 164 may
be coupled at the output of the respective first phase-
locked loop 162.

The amplitude and/or frequency of the plurality
of phase-coherent oscillating signals may be adjustable
individually, in a channel-specific manner, and/or col-
lectively, for example for all channels at once. A mod-
ule 130 may comprise one or more adjustment interfaces
180, 182 for each of the plurality of channels 160 for
this purpose. A first adjustment interface 180, for ex-
ample a Serial Peripheral Interface (SPI), may be pro-
vided for adjusting the frequency of a phase-coherent
oscillating signal. For providing the adjustment, the
first adjustment interface 180 may be coupled to the
first phase-locked loop 162 of the channel 160 for
providing the phase-coherent oscillating signal. A sec-
ond adjustment interface 182, for example a control
voltage input, may be provided for adjusting the ampli-
tude of a phase-coherent oscillating signal. For provid-
ing the adjustment, the second adjustment interface 182
may be coupled to the amplifier of the channel 160 for
providing the phase-coherent oscillating signal. The
adjustment in either or both cases may be performed via
a digital control signal. The digital control signal may
be provided channel-specifically so that the amplitude
and/or frequency for only a limited number of channels,

such as one channel, is adjusted.
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The control arrangement 100 may comprise a plu-
rality of transmission lines 170 for coupling to the
receiving system 20. This can be performed so that each
of the plurality of transmission lines 170 couples one
of the plurality of channels 160 to the receiving system
20. The coupling may be direct or indirect, for example
through a coupling arrangement 30, which may comprise
one or more signal processing devices such as mixers.
The plurality of transmission lines may form a part of
the coupling arrangement 30.

The control arrangement 100 may comprise a plu-
rality of rf connections for providing the plurality of
phase-coherent oscillating signals, all of which may be
impedance matched. The control arrangement 100 may also
comprise rf shielding for the plurality of channels 160
of each of the plurality of modules 130. Each of the
plurality of modules 130 may comprise a plurality of
shields 190 for rf shielding. The rf shielding can be
performed separately for each of the plurality of chan-
nels 160 of the respective module 130 so that these
channels are shielded also with respect to each other.
Each shield may comprise, for example, a cover for rf
shielding of the respective channel 160. The shields may
be at least partially metallic for providing the rf
shielding, for example at least partially of sheet
metal. For example, the plurality of shields 190 may
comprise a plurality of separate screening boxes for rf
shielding of respective channels 160. In an embodiment,
each of the plurality of channels 160 is separately
covered for rf shielding by a shield 190 comprising
sheet metal.

For providing the plurality of phase-coherent
oscillating signals, the control arrangement 100 may
comprise one or more additional devices and/or compo-
nents such as demultiplexers, digital-to-analog-con-

verters and power supply units. These may be integrated
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as part of the plurality of modules 130. The control
arrangement 100 may comprise one or more controllers
192, for example microcontrollers. For example, a cen-
tral controller may be positioned on the motherboard
arrangement 104. The controller 192 may be configured
for adjusting the frequency and/or amplitude of the
phase-coherent oscillating signals, for example by a
channel-specific adjustment. For this purpose, it may
be coupled to one or more demultiplexers. This can be
used for providing channel-specific digital control sig-
nal for adjusting frequency and/or amplitude of the re-
spective phase-coherent oscillating signal. For exam-
ple, each of the plurality of modules may comprise a
demultiplexer for this purpose. The control arrangement
100 may comprise a control interface 194 for coupling
the controller 192 to other components, which interface
194 may comprise also a Serial Peripheral Interface
(SPI), which may be arranged for coupling with a corre-
sponding SPI at the plurality of channels 160 of each
of the plurality of modules 130. The interface 194 may
be coupled to the plurality of modules 130 through the
first distribution arrangement 140, for example through
the plug/socket connection 142.

In following, further examples of adjusting
frequency and/or amplitude of a phase-coherent oscil-
lating signal are provided. The controller 192 may be
coupled to a demultiplexer, which may be provided as a
signal processing device 152 of the second distribution
arrangement 150. It may be used to provide an address,
for example of n bits, which directs a demultiplexed
signal, for example a Chip Select (CS) signal, to a
digital-to-analog converter or to a first phase-locked
loop 162, which may be coupled to the control interface
194, such as SPI. The control interface 194 may comprise
at least one path for data and at least one path for

clock wvalue, which may be in coupled in series with
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multiple digital-to-analog converters and/or first
phase-locked loops 162 but only one of them is effected
at a time as indicated by the demultiplexed signal. The
digital-to-analog converter may be configured to direct
a voltage to a prior amplifier, such as an operational
amplifier, which can provide a sufficient input, such
as an input current, to the amplifier 164 for adjusting
the amplitude of the phase-coherent oscillating signal.
In some embodiment, the amplification of the amplifier
164 for adjusting the amplitude of the phase-coherent
oscillating signal is dependent on operating voltage,
which may be programmed in the digital-to-analog con-
verter.

The control arrangement 100 may also comprise
a control connection for remote adjustment of the fre-
quency and/or amplitude of the plurality of phase-co-
herent oscillating signals. The control connection may
be coupled to the controller 192. The control connection
may comprise a wired and/or a wireless connection for
the remote adjustment. For the remote adjustment, the
control connection may be arranged to be coupled to a
data processing device such as a computer. In some em-—
bodiments, the control connection comprises an Ethernet
and/or an Universal Serial Bus (USB) connection for the
remote adjustment. The control arrangement 100 may also
be configured for adjusting other parameters of the in-
itial phase-locked loop 120 and/or any of the first
phase-locked loops 162, for example utilizing the con-
trol connection for remote adjustment.

The output power of each of the plurality of
channels may be controlled by dc biasing, for example
by dc biasing the amplifier 164. For this purpose, the
control arrangement 100 may comprise one or more digi-
tal-to-analog circuits, for example 16-bit digital-to-
analog circuits. In some embodiments, each of the plu-

rality of modules 130 comprises a separate digital-to-
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analog circuit for each of the plurality of channels 160
of the respective module 130 for said purpose.

While the phase-coherence between different
channels can be maintained by the control arrangement
100, the control arrangement 100 may be arranged for
channel-specific definition of the absolute phase at a
point in time, for example that the phase-difference
between any two phase-coherent oscillating signals is
zero at a point in time. The phases for the phase-
coherent osgcillating signals thereafter evolve tempo-
rally in accordance with the laws of physics and their
values can be predicted accordingly.

Figure 3 illustrates a method 200 according to
an example. The method 200 can be used for providing a
plurality of phase-coherent oscillating signals, for
example for a quantum computing system.

In an embodiment, the method 200 comprises re-
ceiving 210 an initial reference clock signal. The in-
itial reference clock signal may be generated utilizing
a reference clock generator 10, for example according
to any of the examples disclosed herein. The method then
comprises upconverting 220 the initial reference clock
signal for providing a high-frequency reference clock
signal. For this purpose, a control arrangement 100 may
be used, for example according to any of the examples
disclosed herein.

Regardless of whether the high-frequency sig-
nal is provided directly or indirectly, for example uti-
lizing upconversion as described in the previous embod-
iment, the method 200 comprises receiving 230 the high-
frequency clock signal and distributing the high-fre-
quency reference clock signal in a phase-coherent manner
to a plurality of modules. Within each of the plurality
of modules, the high-frequency reference clock signal
is then distributed 240 in a phase-coherent manner to a

plurality of channels of the respective module, and
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within each of the plurality of channels, the high-
frequency reference clock signal is upconverted 250 for
providing one of the plurality of phase-coherent oscil-
lating signals. The phase-coherent oscillating signals
may then be outputted 260 for a receiving system 30 such
as a quantum computing system. Before introducing the
phase-coherent oscillating signals into the receiving
system 30, they may be processed for example by mixing
them with another signal such as a modulating signal,
for example by frequency mixing. For any or all of these
purposes, a control arrangement 100 may be used, for
example according to any of the examples disclosed
herein. One or more of the phase-coherent oscillating
signals may be utilized as carrier waves, for example
for a quantum computing system.

For upconversion, integer multipliers may be
used. These may be utilized by the initial phase-locked
loop 120 and/or any of the first phase-locked loops 162.
They have been found to provide improved stability of
phase for the phase-coherent oscillating signals. While
also dividers may be used, in some embodiments the up-
conversion at the initial phase-locked loop 120 and/or
at each of the first phase-locked loops for providing
the plurality of phase-coherent oscillating signals is
performed utilizing integer multipliers without divid-
ers. This allows improved phase-stability.

The control arrangement 100 and/or method 200
disclosed herein may also be utilized in conjunction of,
for example, a radar system, a spectroscopy system or a
radio astronomy system. The receiving system 20 may thus
be or comprise any such system alone or in combination.

The different functions discussed herein may
be performed in a different order and/or concurrently
with each other. Any example may be combined with an-

other example unless explicitly disallowed.



WO 2021/156545 PCT/F12021/050077

10

15

20

25

30

35

23

Although the subject matter has been described
in language specific to structural features and/or acts,
it is to be understood that the subject matter defined
in the appended claims is not necessarily limited to the
specific features or acts described above. Rather, the
specific features and acts described above are disclosed
as examples of implementing the claims and other equiv-
alent features and acts are intended to be within the
scope of the claims.

It will be understood that the benefits and
advantages described above may relate to one embodiment
or may relate to several embodiments. The embodiments
are not limited to those that solve any or all of the
stated problems or those that have any or all of the
stated benefits and advantages. It will further be
understood that reference to 'an' item may refer to one
or more of those items.

The term 'comprising' is used herein to mean
including the method, blocks or elements identified, but
that such blocks or elements do not comprise an exclu-
sive list and a method or apparatus may contain addi-
tional blocks or elements.

Numerical descriptors such as ‘first’, ‘sec-
ond’, and the like are used in this text simply as a way
of differentiating between parts that otherwise have
similar names. The numerical descriptors are not to be
construed as indicating any particular order, such as
an order of preference, manufacture, or occurrence in
any particular structure.

Expressions such as ‘plurality’ are in this
text to indicate that the entities referred thereby are
in plural, i.e. the number of the entities is two or
more.

Although the invention has been the described
in conjunction with a certain type of apparatus and/or
method, it should be understood that the invention is

not limited to any certain type of apparatus and/or
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method. While the present inventions have been described
in connection with a number of examples, embodiments and
implementations, the present inventions are not so lim-
ited, but rather cover various modifications, and equiv-
alent arrangements, which fall within the purview of the
claims. Although various examples have been described
above with a certain degree of particularity, or with
reference to one or more individual embodiments, those
skilled in the art could make numerous alterations to
the disclosed examples without departing from the scope
of this specification. It is also obvious to a person
skilled in the art that with the advancement of tech-
nology, the basic idea of the invention may be imple-
mented in various ways. The invention and its embodi-
ments are thus not limited to the examples described
above, instead they may vary within the scope of the

claims.
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CLAIMS

1. A control arrangement (100) for providing a

plurality of phase-coherent oscillating signals, the

control arrangement (100) comprising:

a reference clock input arrangement for providing
a high-frequency reference clock signal,

a plurality of modules (130) each comprising a
plurality of channels (160) for providing the plu-
rality of phase-coherent oscillating signals,

a first distribution arrangement (140) for dis-
tributing the high-frequency reference clock sig-
nal in a phase-coherent manner to the plurality of
modules (130),

within each of the plurality of modules (130) a
second distribution arrangement (150) for distrib-
uting the high-frequency reference clock signal in
a phase-coherent manner to the plurality of chan-
nels (160) of the respective module (130), and
within each of the plurality of channels (160) a
first phase-locked loop (162) configured to upcon-
vert the high-frequency reference clock signal for
providing one of the plurality of phase-coherent

oscillating signals.

2. The control arrangement (100) according to

claim 1, wherein the reference clock input arrangement

comprises:

a reference clock signal input (110) for providing
an initial reference clock signal; and

an initial phase-locked loop (120) coupled to the
reference clock signal input (110) and configured
to upconvert the initial reference clock signal
for providing the high-frequency reference clock

signal.

3. The control arrangement (100) according to

claim 1 or 2, wherein reference clock input arrangement
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comprises a motherboard arrangement (104) and wherein
each of the plurality of modules (130) comprises a cir-
cuit board (132).

4. The control arrangement (100) according to
any of the preceding claims, wherein reference clock
input arrangement comprises a motherboard arrangement
(104) and wherein the plurality of modules (150) 1is
arranged for pluggable coupling to the motherboard ar-

rangement (104).

5. The control arrangement (100) according to
any of the preceding claims, wherein each of the plu-
rality of modules (130) comprises a plurality of shields
(190) for radio-frequency (rf) shielding of each of the
plurality of channels (160) of the respective module
(130) .

6. The control arrangement (100) according to
any of the preceding claims, when dependent on claim 2,
wherein the initial reference clock signal has a fre-

quency of 5-50 MHz.

7. The control arrangement (100) according to
any of the preceding claims, wherein the high-frequency
reference clock signal has a frequency of 100-250 MHz
and/or the plurality of phase-coherent oscillating sig-

nals has a frequency of 1-15 GHz.

8. The control arrangement (100) according to
any of the preceding claims, wherein the amplitude
and/or frequency of at least one of the plurality of
phase-coherent oscillating signals is adjustable by a

digital control signal for the respective channel.

9. The control arrangement (100) according to
any of the preceding claims, comprising a control con-

nection for remote adjustment of the frequency and/or
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amplitude of the plurality of phase-coherent oscillating

signals.

10. A generator arrangement (300) for provid-
ing a plurality of phase-coherent oscillating signals,
the generator arrangement (300) comprising the control
arrangement (100) according to any of the preceding
claims and a reference clock generator (10) arranged for
providing a reference clock signal for providing the

high-frequency reference clock signal.

11. A gquantum computing arrangement comprising
a control arrangement (100) according any of claims 1-
9 and a guantum computing system (20), wherein the con-
trol arrangement (100) is coupled to the guantum compu-
ting system (20) for providing a plurality of phase-
coherent oscillating signals for the quantum computing

system (20).

12. A method (200) for providing a plurality
of phase-coherent oscillating signals, the method com-
prising:

- receiving (230) a high-frequency reference clock
signal,

- distributing (230) the high-frequency reference
clock signal in a phase-coherent manner to a plu-
rality of modules,

- within each of the plurality of modules distrib-
uting (240) the high-frequency reference clock
signal in a phase-coherent manner to a plurality
of channels of the respective module, and

- within each of the plurality of channels upcon-
verting (250) the high-frequency reference clock
signal for providing one of the plurality of phase-

coherent oscillating signals.

13. The method according to claim 12, compris-

ing:
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- receiving (210) an initial reference clock signal,
and

- upconverting (220) the initial reference clock
signal for providing the high-frequency reference

clock signal.

14. The method according to claim 13, wherein
the initial reference clock signal has a fregquency of
5-50 MHz.

15. The method according to any of claims 12-
14, wherein the high-frequency reference clock signal
has a frequency of 100-250 MHz and/or the plurality of
phase-coherent oscillating signals has a frequency of
1-15 GHz.

16. The method according to any of claims 13-
15, comprising adjusting the amplitude and/or fregquency
of at least one of the plurality of phase-coherent os-
cillating signals by a digital control signal for the

respective channel.



