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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
correction requires millions of physical qubits and therefore a scalable quantum computer architecture.
To solve signal-line bandwidth and fan-out problems, microwave sources required for qubit manipula-
tion 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 130 nm BiCMOS based SiGe voltage controlled
oscillator at cryogenic temperature. We determined the frequency and output power dependence on
temperature and magnetic field up to 5 T and measured the temperature influence on its noise perfor-
mance. The device maintains its full functionality from 300 K to 4 K. The carrier frequency at 4 K
increases by 3% with respect to the carrier frequency at 300 K, and the output power at 4 K increases
by 10 dB relative to the output power at 300 K. The frequency tuning range of approximately 20%
remains unchanged between 300 K and 4 K. In an in-plane magnetic field of 5 T, the carrier frequency
shifts by only 0.02% compared to the frequency at zero magnetic field. Published by AIP Publishing.
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. INTRODUCTION

The performance of individual solid-state qubits is reach-
ing a level that is sufficient to perform quantum error correc-
tion.!~” Hitherto, all viable concepts for solid-state quantum
processors share the need of cryogenic temperatures below
1 K. Any quantum processor has to be interfaced by classi-
cal control hardware to manipulate and read out the qubits.
This has to be fast compared to the time scale of decoher-
ence, low-noise and scalable in terms of required lines, size,
and power consumption.® Fulfilling these requirements for
an enormous number of signal lines is a scale-up challenge.
Besides multiplexing®~!? concepts, it might be unavoidable
to place part of the control hardware close to the qubits and
thus at cryogenic temperature. Power-consuming control hard-
ware might be placed at temperatures between 1 K and 4 K
since the available cooling power is less problematic in this
range. The qubit chips have to be either thermally isolated,
e.g., by superconducting signal lines, or operated at an elevated
temperature. 13

Within the last years, there have been several approaches
to start developing cryogenic control hardware. The use
of cryogenic digital-to-analog converters,'* analog-to-digital
converters,'3 and field-programmable gate arrays'®!7 enables
the possibility to process data in close vicinity of the qubit
and avoid a high rate data transfer between the quantum
processor and room temperature control electronics. First
key components for a scalable cryo-CMOS qubit controller
based on CMOS technology have been tested.'® In addi-
tion to these semiconductor based approaches, rapid single-
flux quantum logic offers a promising low-power alternative,

HEmail: arne.hollmann @rwth-aachen.de

0034-6748/2018/89(11)/114701/5/$30.00

89, 1147011

especially for superconducting qubits, which require control
currents.'%-20

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.>*22-24 It might
also become beneficial to develop cryogenic high frequency
sources which need to be low-noise and tunable in frequency,
in order to address different qubits and to enable high-fidelity
qubit operation.®!8

Here, we test the performance of acommercial heterojunc-
tion bipolar transistor (HBT) based voltage controlled oscilla-
tor (VCO) at 4 K for the first time. SiGe HBTs are extremely
fast compared to CMOS transistors and cryo-compatible due
to their high doping profiles. A unity gain cut-off frequency of
800 GHz was observed in an HBT cooled down to 4 K.~
Our VCO showed full functionality from 300 K down to 4 K.
We measured that the oscillator’s phase noise is mainly dom-
inated by input noise coupling to the system. The magnetic
field dependence on the carrier frequency is minimal.

The paper is structured as follows: In Sec. II, we shortly
present the device under test and the measurement setup.
In Sec. III, the low temperature characterization is pre-
sented including phase noise measurements and magnetic 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 4 K. The device
was fabricated with a SiGe 130 nm BiCMOS technology of
Innovations for High Performance Microelectronics (IHP)*®
[Fig. 1(a)]. O and Q, are the core transistors used to generate
a negative resistance to compensate for the losses of the tank

Published by AIP Publishing.
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field up to 6 T. Voltages (V cc for supply, Viyne for tuning
the frequency, and Vi for switching between the fre-
quency bands) are applied from a home built low-noise
DC source operating at room temperature. (c) Average
power spectrum of 20 measurements taken at room tem-
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perature (red) and at 4 K (blue) as a function of frequency
offset from the carrier frequency. The peak position shifts
from 29.81 GHz at 300 K to 30.76 GHz at 4 K.
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circuit. The signal must be buffered before driving the exter-
nal load in order to not influence the oscillator’s core. This is
accomplished by taking the signal not at the emitters but the
collectors of Q; and Q. Emitter follower stages composed of
Q3 and Qg further increase the isolation and drive a cascade
amplifier used to provide sufficient power at 50 Q external
load. The VCO can be tuned continuously from 29.6 GHz to
32.4 GHz (at room temperature) by a voltage input signal.
The frequency band can be switched to a second band ranging
from 32.0 GHz to 35.5 GHz. Thus, the total frequency tuning
range is 20%. The oscillator has three varactor banks (So—S>)
for coarse digital frequency control and one varactor for fine
tuning (by the input voltage Vne). The change between the
two frequency bands is realized by switch-coupled inductors
Ly and L,. The switch is implemented with Qs and Qg oper-
ating either in saturation or cut-off region depending on the
Lo value. The quality factor of the varactors is enhanced by
the inductors L. The inductors L¢ are used to provide a load
for the fundamental signal.?® The circuit occupies an area of
0.1 mm?. For operation, a supply voltage of Vcc = 3 V is
used. To switch between the two frequency bands, a voltage of
V1o =3 V has to be applied to the Ly pin. The frequency is
tuned by varying Ve between O V and 3 V [Fig. 1(b)]. The
simulated output power of the device at Voc =3 Vis 75 mW
where 37 mW are consumed by the core oscillator and the
emitter follower stages.

The VCO is bonded to a high frequency printed circuit
board (PCB), which provides control and supply voltages and
transfers the VCO output signal. The PCB with the VCO is
measured in a 4 K setup consisting of a dipstick and a helium
vessel with a 6 T magnet. An in-plane magnetic field can
be applied to the device under test. The supply voltages are
applied by using a home built DC source with a white noise
floor of 20 nV/vVHz. The output signal of the VCO is mea-
sured by using a 40 GHz spectrum analyzer (Agilent E4446A)
[Fig. 1(b)].

lll. ELECTRICAL CHARACTERIZATION

Figure 1(c) shows a spectrum averaged over 20 single
traces taken at room temperature (red curve) and at 4 K (blue
curve). The power is normalized to the noise floor. At 300 K,
we measure an output power of —31.5 dBm. The spectrum has a
sharp peak with a full width at half maximum of approximately
200 kHz and centre frequency of 29.81 GHz, if V. is set to
0 V. For comparison, at 4 K, the carrier frequency is shifted by
almost 1 GHz to 30.76 GHz. A two times larger temperature
impact on the frequency was observed for a CMOS oscillator
in Ref. 18. The peak width is similar to the room temperature
measurement; however, at a 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 these
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unintentional oscillations is 45 dB smaller than the maximum
of the signal. This effect could be attributed to small, slow out-
put fluctuations on the sinusoidal output signal. An orders of
magnitude smaller effect is also present at room temperature,
which is barely visible in Fig. 1(b). By assuming a square-like
flickering modulation on the output signal, we estimated that
the modulation amplitude is by a factor of 100 smaller than
the amplitude of the output signal.

To further investigate the effect of temperature, we mea-
sured the power spectrum during cool down of the device.
The carrier frequency shifts almost linearly between 300 K
and 20 K. Below 20 K, the carrier frequency remains con-
stant at around 30.76 GHz (Fig. 2). Both at room temperature
and at 4 K, the frequency can be varied by almost 3 GHz when
applying a tuning voltage Ve between 0 V and 3 V to the var-
actor 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. Presumably, the fre-
quency increases due to a reduction in the capacitance of the
varactor’s depletion region and parasitic capacitances. Beside
the frequency shift during cool-down, the input power of the
VCO increases by a factor of 1.28 when reducing the temper-
ature to 4 K. The output power is increased by a much larger
factor of 10 (Fig. 2); thus, the VCO becomes more power effi-
cient at 4 K. We assign this effect to an increase in the electron
mobility of the SiGe devices.

The oscillator’s phase noise is an important figure of merit.
For semiconducting oscillators, one typically distinguishes

30.8 -
P <36} a0 oo
30.6 - I 34 . . o
O g . ?99‘."-’?-
ﬁ - oo ?? . switch of
S:S, 30.4 30§+~ ?golg Ks'w?tcr:'o'f
> 3
5 30.2
>3
g
& 30
29.8 115
*
10§ e _
o * 4
) *** 110 %
5 I * =
= 5 { i* o
o * =
o [e]
5 1“* % 1105 g
g0 SRR -
*y
¥
5 ' L T
0 100 200 300

T(K)

FIG. 2. Top: Carrier frequency versus temperature measured during cool
down. Inset: Carrier frequency as a function of Ve for the low frequency
band, i.e., Vo =0 V at 300 K (red star) and 4 K (blue circle), respectively,
and second frequency band, i.e., V7o =3 V at 300 K (purple dot) and 4 K
(green triangle), respectively. Bottom: Output (blue) and input (orange) power
of the VCO as a function of temperature. The output powers are determined
by fitting the spectra to a Lorentzian keeping its width constant.
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device noise and modulation noise. Device noise is contributed
by the device itself consisting of 1/f-noise only relevant at low
frequencies, as well as shot noise and thermal noise which
are dominant for high frequency applications. Additionally,
the output signal is affected by noise of several DC voltages
such as the supply voltage V¢ and the tuning voltage Ve
referred to as modulation noise.?%3° Here, we measured the
phase noise of the output signal as a function of temperature,
which should ideally decrease for lower temperature values.

The phase noise S, is extracted from the power spectrum
of the VCO output signal. In the following, we will refer to
the single-side band power Sssg in 1 Hz bandwidth, normed
to the power of the peak as phase noise,

Sssp(w, Af =1Hz)

/ dw SssB
peak

To determine the phase noise, we measured the spectrum with
an Agilent E4446A power spectrum analyzer. The phase noise
is extracted from the power spectrum using Eq. (1). The result-
ing phase noise as a function of frequency offset from the
carrier frequency is depicted in Fig. 3. First, we compare the
measurements, for which Ve was connected to the room-
temperature voltage source set to 0 V. The blue solid line
reveals the phase noise at room temperature dropping from
—80 dBc/Hz at 100 kHz to approximately —115 dBc/Hz at
1 MHz. The overall phase noise is small and comparable to
other low noise VCOs.'33133 We now compare the result
to a similar measurement taken at 4 K (red dotted line). At
100 kHz, the phase noise is slightly lower (—90 dBc/Hz) and at
1 MHz slightly higher (—110 dBc/Hz) with respect to the room
temperature measurement. For frequencies in the MHz-range,
the oscillations also noticed in Fig. 1 become visible.

We further investigate how the noise from the voltage
source influences the performance by repeating the measure-
ment at 4 K with the Vn.-pin of the oscillator directly wire
bonded to the cold finger inside the fridge. This configuration is
referred to as cold ground. The phase noise behavior remains
similar compared to the previous measurements, for which
the Vne-pin was set to room-temperature ground of the volt-
age source (Fig. 3). Thus, the phase noise is not significantly

L(w)(dBc/Hz) =

ey
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FIG. 3. Phase noise versus offset from the carrier frequency at 300 K and
4 K where the Vype-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 Vpe to
1.6 V shows an increased phase noise (yellow and purple).
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affected by external noise at Vyue =0 V. Notably, no significant
effect of temperature on phase noise is observed. The phase
noise exhibits approximately a 1/f* dependence expected from
simulations. We attribute this prominent 1/f> dependence of
the phase noise to the noise of the supply voltage up-converted
to phase noise. This noise masks the temperature noise con-
tribution. If applying Ve = 1.6 V, the phase noise increases
consistently, both at room temperature and 4 K (Fig. 3). In
this case, the phase noise is dominated by the input noise of
the tuning voltage Ve and Ve (modulation noise) since the
device becomes more sensitive to input noise at Viype = 1.6 V
as we will further discuss below.>? A similar 4 K measurement
with a CMOS oscillator showed a decrease in phase noise for
offset frequencies above 20 MHz but an increased 1/f3 phase
noise corner frequency. '8

To further analyze the sensitivity of phase noise to Ve,
we measured the phase noise for different tuning voltages.
A low-noise, home built DC source was connected to the
Viwne-pin and the voltage was varied over the full range from
0 V to 3 V. The resulting phase noise at a constant offset of
1 MHz from the carrier frequency is depicted in Fig. 4. Similar
to Fig. 3 at 0 V, the phase noise is insensitive to noise of Viype.
Applying 0 V input voltage with the DC source or ground-
ing the Ve pin does not change the phase noise (black dot
in Fig. 4). Increasing the tuning voltage up to 1.4 V leads to
an increase in noise of 15 dB. For Ve > 1.4 V, the noise
decreases again at 300 K; however, it stays almost constant at
4 K. We compared these measurements with the derivative of
the carrier frequency of the output signal with respect to Ve

-90
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FIG. 4. Top: Phase noise at a constant offset of 1 MHz versus Ve at 300 K
and 4 K. The phase noise strongly increases for increasing Ve up to 1.4 'V,
reduces for Ve > 1.4 V at 300 K, and stays almost constant at 4 K. Bottom:
For comparison, the derivative of the frequency tuneability in Fig. 2(b) inset
with respect to Vipe is displayed for the two operation temperatures. The
sensitivity of the carrier frequency with respect to Viyne matches the phase
noise amplitude plotted in the upper panel.
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from the measurement data in Fig. 2(b) (inset). As depicted in
Fig. 4, the qualitative behavior of the curves is similar. Within
the region at which the carrier frequency is most sensitive to
Viune (Vine = 1.6 V), i.e., the VCO gain is maximal, the VCO
is also most sensitive to the noise of the voltage source. At
Viune = 1.4V, the frequency sensitivity is approximately 15
times larger than at V. = 0 V (Fig. 4). Thus, we expect an
increase in phase noise from Vi, =0.0 V to 1.4 V of approx-
imately 12 dB, which is close to the measured phase noise
increase of 15 dB (see Fig. 3). The phase noise of an oscilla-
tor used for qubit control affects the gate fidelity. The overall
effect of control electronics on this fidelity depends on the type
of qubit and details of the control methods. For example, to
achieve an x, y and identity gate fidelity of F = 99.9% for a
resonantly driven single spin qubit at 1 MHz Rabi frequency,
the oscillator’s phase noise has to be below —106 dBc/Hz (at
1 MHz from the carrier).® For low tuning voltages, the phase
noise of our device is below this value (Fig. 3).

Some qubits do not only require low temperature but also
require a magnetic field. Especially, magnetic fields in the
order of 1 T are required for encoding single electron spin
qubits.'33435 Thus, the effect of magnetic field on the perfor-
mance of electronics in close proximity to the qubit-chip has to
be considered. Therefore, we studied the effect of a magnetic
field B on the carrier frequency of the VCO. The magnetic field
was applied in the plane of the VCO and swept from -5 T to
5 T and back to =5 T. At5 T and —5 T, the carrier frequency is
reduced by 6 MHz compared to zero magnetic field (Fig. 5).
The magnetic field dependence of the carrier frequency reveals
a saddle point at around +2 T. Furthermore, the up-sweep and
down-sweep do not coincide exactly. A tiny hysteresis is visi-
ble in the order of 107>. The current consumption reveals two
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FIG. 5. Top: Carrier frequency as a function of the applied magnetic field.
The magnetic field is first swept up from —5 T to 5 T and then down from 5 T
to =5 T. Bottom: Current consumption for the same measurement.



114701-5 Hollmann et al.

side peaks at +2 V (Fig. 5), but the overall change is in the order
of 1074, The magnetic field dependence on the frequency is a
tiny fraction of the output frequency. This does not constitute
a severe limitation since usually the magnetic field is held con-
stant in spin qubit experiments 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 mea-
surements of a high frequency (30 GHz) VCO based on HBT
technology. The device showed complete functionality, even
at4 K. By varying the control voltage Ve and using the base
band switch, a frequency band of 6 GHz is accessible. Com-
pared to room temperature, the VCO becomes more power
efficient and the carrier frequency shifts by almost 1 GHz at
4 K. The phase noise of the oscillator has been analyzed atroom
temperature and at 4 K. The noise is dominated by modulation
noise, e.g., the noise on the tuning input, and no significant
effect of the temperature on the noise was observed. Notably,
power consumption in the order of 100 mW restricts the use
of this device to the 4 K stage of a dilution refrigerator. For
spin qubit manipulation, microwaves can be applied to the
high-impedance metal gates of electrostatically defined quan-
tum dots. Thus, a high impedance output of the oscillator is
sufficient. Omitting the buffer for the 50 Q matched output
would already reduce the power by approximately 10 mW.
The power consumption can be further reduced by lowering
the supply voltage Vc. The oscillator can still be operated at
2.3 V where we simulated a power consumption of 10 mW.
Much further reduction of the power consumption requires the
development of dedicated low-power cryo-devices and circuit
redesign. The SiGe-HBT BiCMOS technology is a promis-
ing platform to start the development of fast cryogenic control
hardware for scalable quantum computing.
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