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30 GHz-voltage controlled oscillator operating at 4 K
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Solid-state qubit manipulation and read-out fidelities are reaching fault-tolerance, but quantum error cor-
rection requires millions of physical qubits and thus a scalable quantum computer architecture. To solve
signal-line bandwidth and fan-out problems, microwave sources required for qubit manipulation might be
embedded close to the qubit chip, typically operating at temperatures below 4 K. Here, we perform the first
low temperature measurements of a 130nm BiCMOS based SiGe voltage controlled oscillator. The device
maintains its functionality from 300K to 4 K. We determined the dependence of frequency and output power
on temperature and magnetic field up to 5T and measured the temperature influence on noise performance.
While the output power tends to increase, the frequency shift is 3% for temperature and 0.02% for the

field dependence, respectively, both relevant for highly coherent spin qubit applications. We observe no
improvement on output noise, but increased output flickering.
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I. INTRODUCTION

The performance of individual solid-state qubits are
reaching a level that is sufficient to perform quantum
error correction . Until today, all concepts of solid-
state quantum processors share the need of cryogenic
temperatures below 1 K. However, any quantum proces-
sor has to be interfaced by a classical control hardware
to manipulate and read out the qubits. It has to be
fast compared to the time scale of decoherence, low-noise
and scalable in terms of required lines, size and power
consumption”. Fulfilling these requirements for an enor-
mous number of signal lines is a scale-up challenge. Be-
sides multiplexing' " concepts, it might be unavoidable
to place part of control hardware close to the qubits and
thus at cryogenic temperature. Power-consuming con-
trol hardware might be placed at temperatures between
1 K and 4 K, since the available cooling power is unprob-
lematic in this range. The qubit chips either have to be
thermally isolated e.g. by superconducting signal lines
or have to be operated at elevated temperature
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Within the last years there have been several approaches
to start developing a cryogenic control hardware.
The use of cryogenic digital-to-analogue converters -,
analogue-to-digital converters'” and field-programmable
gate arrays ~ enables the possibility to process data
in close vicinity of the qubit and avoid a high rate data
transfer between quantum processor and room tempera-
ture control electronics.

Depending on the specific qubit realisation, control and
read-out schemes require high frequency signals in the
100 MHz range ° up to tens of Gigahertz*"”'"~'7. It
might also become beneficial to develop cryogenic high
frequency sources which need to be low-noise and tunable
in frequency space, in order to be able to address differ-
ent qubits and to enable high-fidelity qubit operation®.
Here, we test the performance of a commercial hetero-
junction bipolar transistor (HBT) based voltage con-
trolled oscillator (VCO) at 4K. SiGe HBTs are known
to work at cryogenic temperatures thanks to their high
doping concentration’ “~ and thus could be a candidate
for future qubit control electronics. The device did show
its full functionality at 4 K. We measured that the oscil-
lator’s phase noise is mainly dominated by input noise
coupling to the system. The carrier frequency is slightly
affected by the external magnetic field.

The paper is structured as follows: In Sec. II we shortly
present the device under test and the measurement set-
up. In Sec. III the low temperature characterisation is
presented including phase noise measurements and mag-
netic field dependence of the output signal.

Il. DEVICE DESCRIPTION

In this work we tested a wide band, low phase noise
LC-voltage controlled oscillator (VCO) at 4K. The de-
vice was fabricated in a SiGe 130nm BiCMOS technol-
ogy of Innovations for High Performance Microelectron-
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FIG. 1. a) Schematic of the measurement set-up. The VCO
is bonded to a PCB and can be measured at 4.2K and in a
magnetic field up to 6 T. Supply voltages are applied with a
home built low noise DC source. b) Average power spectrum
of 20 measurements taken at room temperature (red) and at
4K (blue) as a function of frequency offset from the carrier
frequency. The peak position is shifted from 29.81 GHz at
300K to 30.76 GHz at 4 K.

ics (IHP)*’. The VCO can be tuned continuously from
29.6 GHz to 32.4 GHz (at room temperature) with mul-
tiple varactor banks. Additionally, by using a switch, an
upper frequency band from 32.0 GHz to 35.5 GHz can be
used. This results in a large total tuning range of 18.1%.
The change between the two frequency bands is realised
by switch coupled inductors. The switch consists of het-
erojunction bipolar transistors (HBTs) allowing to switch
between two inductances L; and Ly. A schematic of the
circuit is shown in ref.””. The circuit occupies an area of
0.1mm?. For operation, a supply voltage of Voc = 3V
is needed.

The VCO is bonded to a RF-PCB that enables feeding
the VCO with the corresponding voltages as well as tap-
ping the RF-signal. The PCB with the VCO is tested in
a 4 K set-up consisting of a dipstick and a helium vessel
with a 6 T magnet. The magnetic field can be applied
perpendicular to the device under test. The output sig-
nal of the VCO is measured with a 40 GHz spectrum
analyser (Fig. 1 (a)).

I1l. ELECTRICAL CHARACTERISATION

Fig. 1 (b) shows a spectrum averaged over 20 single
traces taken at room temperature (red curve) and at 4 K
(blue curve). The power has been normalised to the
noise level. At 300K we measure an output power of
—31.5dBm. The spectrum has a sharp peak with a full
width half maximum of roughly 200kHz and centre fre-
quency of 29.81 GHz. In comparison, at 4 K the carrier
frequency is shifted by almost 1 GHz to 30.76 GHz. The
peak width is similar to the room temperature measure-
ment, however, at low temperature, next to the main
peak we measure small oscillations with an abrupt edge
at +£2.5 MHz distance from the centre peak. The power
of the oscillations is 45 dB smaller than the maximum of
the signal. This effect could be attributed to small, slow
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FIG. 2. Top: Carrier frequency versus temperature, mea-

sured during cool down. Inset: Carrier frequency as a function
of Viune at 300K (red), 300 K LO on, 4K (blue) and 4K with
L0 on (green). Bottom: Output (blue) and input (orange)
power of the VCO as a function of temperature. The output
power values are averaged over six measurements, the error
bar indicates one standard deviation.

output fluctuations on the sinusoidal output signal. An
orders of magnitude smaller effect is also present at room
temperature but not visible in Fig. 1 (b). By assuming
a square-like flickering modulation on the output signal,
we estimated that the amplitude of this effect is a factor
of 100 smaller than the amplitude of the output signal.
Generally, the behaviour of the VCO should be improved
when operated non freely but in a closed loop.

To further investigate the effect of temperature, we mea-
sured the power spectrum during cool down of the de-
vice. The carrier frequency shifts almost linearly be-
tween 300 K and 20 K. Below 20K the carrier frequency
remains constant at around 30.76 GHz (Fig. 2). Both
at room temperature and at 4K, the frequency can be
varied by almost 3 GHz when applying a tuning voltage
Viune between 0V and 3V to the varactor bank (inset
Fig. 2 top). An additional frequency shift of 3 GHz can
be induced by applying a voltage to the switch-coupled
inductors. In total, a frequency window of almost 6 GHz
is accessible. We conclude that both the varactor and the
coupled inductor operate down to 4 K. Beside a change
in frequency, we measured an increase in the power con-
sumption of 28% when reducing the temperature to 4 K
(Fig. 2). The power of the output signal is increased by
roughly 4 dB.

The oscillator’s phase noise is another important figure
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FIG. 3. Phase noise versus offset from the carrier frequency
at 300 K and 4 K where the Viune-pin was set to lab ground
(blue and red respectively) and where it was bonded to cold
ground (green). No large variation can be detected, implying
that the VCO is limited by thermal noise. Setting Viune to
1.6 V shows an increased phase noise (yellow and purple).

of merit, as a clean signal with low phase or frequency
noise is essential for any application.
In semiconducting oscillators one typically distinguishes
device noise and modulation noise. Device noise is con-
tributed by the device itself consisting of 1/ f-noise only
being relevant at low frequencies as well as shot noise and
thermal noise which are dominant for high frequency ap-
plication. Additionally, the output signal is affected by
noise of several DC voltages such as the supply volt-
age Voo, the tuning voltage Viyne and the substrate
voltage”"”” being referred as modulation noise. Here,
we measured phase noise of the output signal as a func-
tion of temperature, which should ideally be decreased
for low temperature values.
The phase noise S, can be extracted easily from the
power spectrum of the output signal. In the following,
we will refer to the single-side band power Sssp in one
Hertz bandwidth, normed to the power of the peak as
phase noise:

L(w)[dBe/Hz] = Sssp(w, Af = 1Hz) (1)

fpeak dw SssB

The resulting phase noise as a function of frequency offset
from the carrier frequency is depicted in Fig. 3. The blue
solid line reveals the phase noise at room temperature
dropping from -80dBc at 100 kHz to roughly -115dBc at
1MHz. The overall phase noise is small and compara-
ble to other low noise VCOs”"?®. We now compare the
result to a similar measurement taken at 4K (red dot-
ted line). At 100kHz the phase noise is lower (-90dBc),
at 1 MHz slightly higher (-110dBc) with respect to the
room temperature measurement. For frequencies in the
MHz-range, the oscillations also noticed in Fig. 1 become
visible.

The behaviour of the phase noise remains similar also
when connecting the Viyne-port to the grounded cold fin-
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FIG. 4. Top: Phase noise at a constant offset of 1 MHz ver-
sus Viune at 300 K and 4 K. The phase noise is strongly in-
creased for increasing Viune up to 1.4V, being reduced for
Viune > 1.4V at 300 K and staying almost constant at 4K,
respectively. Bottom: For comparison, the derivative of the
frequency tuneability Fig. 2 (b) inset with respect to Viune is
displayed for the two operation temperatures. The sensitiv-
ity of the carrier frequency with respect to Viune matches the
phase noise amplitude plotted in the upper panel.

ger of the fridge (referred to as cold ground, Fig. 3) in-
stead of the lab ground at the dipstick (red trace in Fig.
3). Vice versa, the phase noise increases consistently,
both at room temperature and 4 K, when applying a fi-
nite voltage to the Viype-port (Viune = 1.6V in Fig. 3).
These results strongly suggest that the phase noise of
the VCO is dominated not by the characteristics of the
device itself, but by the input noise due to Viune (modu-
lation noise)””.

To further analyse the sensitivity of phase noise to Viune
we measured the phase noise for different tuning voltages.
A low-noise, home built DC source was connected to the
Viune-pin and the voltage was varied over the full range
from 0V to 3V. The resulting phase noise at a constant
offset of 1 MHz from the carrier frequency is depicted in
Fig 4. Increasing the tuning voltage up to 1.4V leads to
an increase in noise of 15dB. For Viyne > 1.4V the noise
decreases again at 300 K, however at 4K it stays almost
constant. Even applying zero voltage increases the noise
by 10dB compared to Viune set to ground. Furthermore,
we compared these measurements with the derivative of
the carrier frequency of the output signal with respect to
Viune from the measurement data in Fig. 2 (b) (inset). As
depicted in Fig. 4 the qualitative behaviour of the curves
is similar. Within the region where the carrier frequency
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FIG. 5. Top: Carrier frequency as a function of applied mag-
netic field. The magnetic field is firstly swept upwards from
-5T to 5T and than in reverse direction from 5T to -5T.
Bottom: Current consumption for the same measurement.

is most sensitive to Viune the VCO is also most sensitive
to noise of the DC source.

The natural qubit environment does not only require low
temperature but usually also the presence of a magnetic
field. Especially, for encoding spin qubits magnetic fields
in the range of 1T are needed'*"*". Thus, the effect of
magnetic field on the performance of electronics in close
proximity to the qubit-chip has to be considered. In the
following, we study the effect of magnetic field on the car-
rier frequency of the VCO. The magnetic field has been
applied perpendicular to the VCO and swept from —5T
to 5 T and finally reversely, from 5T to —5T. At 5T and
—5 T the carrier frequency is reduced by 6 MHz compared
to zero magnetic field (a factor of 10~%) (Fig. 5). The B-
field dependence of the carrier frequency reveals a saddle
point at around +2T. Furthermore, the up-sweep and
down-sweep do not coincide exactly. A tiny hysteresis is
visible on the order of 107°. The current consumption re-
veals two side peaks at £2V (Fig. 5), but here again the
overall change is small (in the ppm range). The magnetic
field dependence on the frequency is a tiny fraction of the
output frequency. This is not a severe limitation, since
usually the magnetic field is fixed in spin qubit experi-
ments but has to be taken into account for high fidelity
spin qubits in e.g. 28Si*.

IV. CONCLUSION

In this work we presented the first low-temperature

measurements of a high frequency (30 GHz) VCO. The
device showed complete functionality, even at 4 K. By
varying the control voltage Viune and using the base
band switch a frequency band of 6 GHz is accessible.
Compared to room temperature the carrier frequency is
shifted by almost 1 GHz when operating the device at
cryogenic temperatures. The phase noise of the oscilla-
tor has been analysed at room temperature and at 4 K
respectively. Since the noise is dominated by modulation
noise, e.g. of the tuning voltage, no significant effect of
the temperature could be measured.
However, a power consumption in the order of 100 mW
restricts the use of this device to the 4K stage of a dilu-
tion refrigerator. Nonetheless, the SiGe-HBT BiCMOS
technology can be a promising platform to start the de-
velopment of a cryogenic classical control technology for
a scalable quantum computer.
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