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Abstract — A Q-band (33-50 GHz) Colpitts voltage-controlled
oscillator (VCO) operating from 300 K to 4 K is presented.
To validate model-to-hardware correlation, the compact model
HICUM/L2 has been extended, and the corresponding model
parameters were extracted at cryogenic temperatures (CTs).
At 1 MHz/10 MHz offset, the VCO achieves a phase noise
of -94/-120 dBc/Hz at 46 GHz (CT) and -92.6/-115 dBc/Hz at
43.5 GHz (room temperature (RT)) while consuming a PDC of
45 mW from a 2.5-V supply voltage. The measured tuning range is
39.5 to 45 GHz (13%) at 300 K and 43.9 to 46.5 GHz (5.8%) at 4 K.
With the cascode buffer in the Colpitts topology, the measured
single-ended output power at CT and RT is 5.8 dBm and 4.5 dBm,
respectively. To the best of the authors’ knowledge, this is the
highest reported oscillation frequency and output power for a
VCO that can operate under cryogenic conditions for quantum
computing.

Keywords — Colpitts, cryogenic operation, hetero-junction
bipolar transistor, mm-wave, phase noise, quantum computing,
silicon-germanium, Q-band, voltage-controlled oscillator.

I. INTRODUCTION

Quantum computing has generated great interest in the
area of integrated microwave control/read-out electronics [1],
[2] due to the introduction of scalable, high-fidelity solid-state
qubit technologies such as single-electron spin-qubits confined
in gate-addressable silicon quantum dots [3], [4]. These
structures have longer coherence times than competing
technologies and have the potential to be integrated in high
density with reliable commercial silicon-based fabrication
processes [5], [6].

Due to the need for fault-tolerant quantum computers that
call for thousands of qubits to be integrated within the same
quantum processor, highly energy-efficient control/read-out
schemes have to be implemented to keep the power
consumption at ∼1 mW/qubit, limited by the cooling power
of existing refrigerators (∼1.5 W at 4 K). To reach this goal,
simultaneous control/read-out of spin-qubits using frequency
division multiplexing (FDM) has been proposed [1], [2], [7],
[8]. This approach has the added benefit of reducing the
number of LO generators and RF cables-per-qubit needed
to interface the quantum processor (20-100 mK) with the
control/read-out electronics (1-4 K). However, FDM requires
multi-carrier generation (i.e. an on-chip cryo-PLL [2], [9]),
an increase in the receiver bandwidth and pulse shaping
of the microwave control signals to minimize spectral
leakage to other qubits. The increase in bandwidth can
be achieved by moving to millimeter-wave (mm-wave)
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Fig. 1. Measured and simulated (a) transfer characteristics and (b) transit
frequency (fT) versus collector current density (JC) of a single HBT at
4 K, 48 K and 300 K for V BC = 0V . Minimum noise figure (NFmin) is
simulated at CT (dashed line) and RT (dash-dotted line) with V BC = 0V at
45 GHz.

frequency bands (>30 GHz) where an intermediate frequency
(IF) bandwidth of tens of gigahertz is possible [10]. In
addition, digitally-intensive power-hungry polar modulators
used for complex pulse shaping [8] can be avoided by
choosing higher channel spacing between qubits, making
use of the abundantly available bandwidth. Moreover, the
surface mounted (at <1 GHz) LC matching networks used for
dispersive gate-based read-out of quantum dots can be replaced
by on-chip inductors (<1 nH) and capacitors, reducing the area
and mitigating routing/interconnect issues while improving the
read-out bandwidth.

The cryogenic VCO presented in this work can be
integrated as part of a mm-wave frequency synthesizer to
generate multi-carrier control signals and/or to down-convert
the qubit-modulated carriers to IF-band in an FDM-based
mm-wave receiver. The circuit was fabricated in B11HFC,
a 250/370-GHz fT/fmax 0.13-µm silicon-germanium (SiGe)
HBT BiCMOS process of Infineon AG with 6 copper metal
layers, in order to benefit from the lower (an order of
magnitude) 1/f3 (flicker) phase noise corner of HBT-based
VCOs at CTs compared to CMOS-based VCOs [11].

II. DESIGN CONSIDERATIONS AND CIRCUIT DESCRIPTION

A. Cryogenic modeling and device measurements

Due to the increase in the turn-on voltage of the HBT
with cooling, higher voltage headroom is required at CTs
to operate the VCO. As indicated by the horizontal lines in
Fig.1a, the base-emitter (BE) voltage of the HBT must be

,
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Fig. 2. The schematic of the Q-band cryogenic VCO.

increased by ∼160 mV at 4 K in order to achieve the same
JC as 300 K. This adjustment is required to have an accurate
comparison of performance parameters between CT and RT.
The increase in the slope of the transfer characteristics at
4 K and 48 K indicates the increase in the transconductance
(gm) of the device. This, together with the decrease of
the transistor’s series resistances (i.e. RBx, RCx, and RE), is
reflected in Fig.1b where the measured peak fT is improved
by a factor of 1.6 at CTs. The HICUM/L2 has been extended
[12], [13] and its model parameters were extracted for various
scalable device geometries and configurations by performing
dc and s-parameter measurements at CTs. These parameters
are optimized at 48 K and facilitate the convergence of
transient simulation. From Fig.1a and Fig.1b, it is seen that
the measured dc and rf characteristics of the device do not
change below 48 K and that the optimized model parameters
at 48 K can be used to represent simulation results at 4 K.

B. Circuit design at RT and CT

The schematic of the Q-band VCO is presented in Fig. 2.
The VCO is based on the differential common-collector
Colpitts topology (Q1−3) with a cascode buffer (Q4−5) which
enables current re-use at the cost of a slightly higher supply
voltage. Oscillation frequency is determined by LB and the
capacitance seen from the base of Q2−3 which is mainly
composed of the varactor capacitance. An additional MIM
capacitor (CT) is added between the base and emitter terminals
of Q2−3 to increase the varactor capacitance seen by LB,
thereby increasing the tuning range. A collector current of
9 mA is targeted for the devices in order to obtain high output
power and low phase noise by improving the voltage swing
across the tank. All transistors are biased with JC ∼7mA/µm2

to operate in the low noise region of the HBT (Fig. 1b). The
current source is composed of two parallel 10 µm x 0.13 µm
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Fig. 3. The Q-band cryogenic VCO measurement setup.

transistors and is degenerated with a small resistance (10Ω).
Resistive dividers (RB,1−4) are utilized for biasing the
negative-gm and buffer transistors to suppress common-mode
oscillations and cancel the temperature dependence of the
polysilicon-type resistors, thereby achieving constant bias
across a wide range of temperatures. Since the temperature
coefficient of polysilicon resistors change with geometry (i.e.
the width and length), a unit cell of fixed geometry is used
in series to achieve the needed resistance values. The choice
of unsalicided p+ doped polysilicon resistors was justified
and their usage was successfully demonstrated in previous
cryogenic designs [14]. The inductor located at the emitters
of Q2−3 (LE) is used to isolate the parasitic capacitance of
the current source from the tank and to filter the associated
high-frequency noise [15].

The circuit operation is verified in simulation for both
RT and CT by modifying Vbias to achieve identical supply
currents at 4 K and at 300 K (i.e. 18 mA). The values of
passive elements such as MIM caps and transmission lines
are expected to change slightly (∼5%) at CTs [16].

III. MEASUREMENT SETUP AND EXPERIMENTAL RESULTS

As illustrated in Fig. 3, the cryogenic measurement setup
uses the LakeShore Cryotronics table-top probe station (TTPX)
as the cryostat (chamber), which has six probe arms. In the
setup, four arms are used for the DC needles (i.e. VCC,
Vtune, Vbias, and ground) and the remaining two arms for
the cryogenic GSG RF probes. Single-ended phase noise and
spectral power measurements are performed using the FSW67
spectrum analyzer from Rohde&Schwarz. The second RF
probe is landed as well and is terminated with a 50Ω off-chip
load. The 1.85 mm (up to 67 GHz) coaxial cable outside
the cryostat along with the cryogenic cable and the probe
located inside the cryostat are calibrated using the N5247A
PNA-X from Keysight. The tuning voltage is applied with
a high-precision SMU (B2912A) while the supply and the
bias voltages/currents are provided/measured by another SMU
(N6705B). The liquid helium in a Cryotherm STRATOS dewar
is fed through the transfer line to the cryostat in order to
perform the cooling operation down to 4 K. Prior to cooling,
a vacuum pump system HiCube 80 from Pfeiffer is used to
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Fig. 4. Chip micro-photograph of the Q-band cryogenic VCO.
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Fig. 5. Measured and simulated (a) oscillation frequency and (b) single-ended
output power at 4 K and at 300 K. Measurements are performed at the same
supply current for RT and CT.

establish the required vacuum level of 10−6 bar inside the
chamber.

The chip micro-photograph is shown in Fig. 4. The
overall chip area including the pads is 820 µm x 540 µm.
All components including the metal stacks, MIM capacitors,
microstrip transmission lines, pads, and the 0-Ω transmission
line were EM-simulated using the 2.5D ADS Momentum.

As shown in Fig. 5a, the oscillation frequency ranges from
39.5 to 45 GHz at RT which is equivalent to 13% fractional
bandwidth. The oscillation frequency increases at CT due
to the decrease in the value of charge-based (i.e. depletion
and diffusion) BE and base-collector (BC) capacitance of
Q2−3 (∼24% decrease obtained from simulation at 4 K). The
depletion capacitance of the junction-based diode varactor is
also expected to decrease. The tuning range at CT decrease to
5.8%, presumably because of the earlier saturation of the diode
varactor at CT (∼1.7 V) than at RT (∼3 V), leading to the
degradation of Cmax/Cmin ratio. Since a cryogenic model of
the diode varactor has not been available, the simulation result
at CT cannot capture these effects. Therefore, the depletion
capacitance of the varactor, modeled by the SPICE diode
equation Cj = Cj0/(1− Vpn/Vbi)

m, is modified to achieve a
better fit across the tuning range. The zero-bias p-n junction
capacitance (Cj0) is reduced by 15%, the built-in junction
voltage (Vbi) is increased by 200 mV as suggested in Fig.1a,
and the junction grading coefficient (m) is reduced to account
for the degradation of the Cmax/Cmin ratio. The tuning range
can be improved by employing switched-capacitor banks for
coarse tuning, composed of weakly temperature-dependent
MOM capacitors.
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Fig. 6. Measured (4 K/300 K) and simulated (300 K) phase noise at (a) 1 MHz
and (b) 10 MHz offset.

45.95 45.97 45.99 46.01 46.03 46.05

Frequency (GHz)

-65
-60
-55
-50
-45
-40
-35
-30
-25
-20
-15
-10
-5
0

O
ut

pu
t p

ow
er

 (
dB

m
) RBW: 3 MHz

VBW: 300 kHz

(f
osc

+ 1 MHz)

RBW: 3 MHz
VBW: 300 kHz

(f
osc

+ 1 MHz)

RBW: 3 MHz
VBW: 300 kHz

(f
osc

+ 1 MHz)

RBW: 3 MHz
VBW: 300 kHz

(f
osc

+ 1 MHz)

RBW: 3 MHz
VBW: 300 kHz

(f
osc

+ 1 MHz)

RBW: 3 MHz
VBW: 300 kHz

(f
osc

+ 1 MHz)

RBW: 3 MHz
VBW: 300 kHz

(f
osc

+ 1 MHz)

RBW: 3 MHz
VBW: 300 kHz

(f
osc

+ 1 MHz)

RBW: 3 MHz
VBW: 300 kHz

(f
osc

+ 1 MHz)

RBW: 3 MHz
VBW: 300 kHz

(f
osc

+ 1 MHz)

(a)

0.1 0.3 1 3 10 20

Offset Frequency (MHz)

-135

-125

-115

-105

-95

-85

-75

-65

P
ha

se
 N

oi
se

 (
dB

c/
H

z) 1/f3

1/f2

1/f3 PN corner

(b)

Fig. 7. Measured (a) output spectrum within a span of 100 MHz and (b)
phase noise up to 20 MHz of offset with a center frequency of 46 GHz at 4 K.
Output power is not calibrated for the probe and cable losses.

Fig. 5b shows an increase at CT in the output power across
the tuning range which can be attributed to the increase in gm
and the higher quality factor of the passive elements due to
higher metal conductivity and the lower substrate loss [16].
The measured output power at CT is relatively constant across
the tuning range with only 1.8 dB variation. The characteristic
of the output power across the tuning range is better captured
by using the same modified varactor model parameters and
values. The two separate single-ended outputs can drive a
divider chain and a quadrature mixer simultaneously with high
isolation when the VCO is employed as part of a cryogenic
PLL.

The measured phase noise at CT is improved by ∼5 dB at
10 MHz offset (Fig. 6b) because of the decrease in temperature
and the improvement in the quality factor of the tank. The
quality factor of the varactor is expected to improve caused
by the freeze-out of the substrate, causing it to present higher
resistivity. The phase noise improvement at 1 MHz offset is
less prominent due to the increased 1/f3 phase noise corner
at CTs [11]. The best case phase noise values across the tuning
range at CT are -95.8/-120.3 dBc/Hz at 1 MHz/10 MHz offset.
Phase noise simulation results at CT are not available due to
a convergence issue during the harmonic balance simulation.
Fig. 7b shows a measured flicker noise corner of 1.3 MHz
which explains the drop in improvement at 1 MHz offset.

Table 1 outlines the performance of this work and other
prior published state-of-the-art cryogenic VCOs. The VCO has
the highest oscillation frequency and the output power among
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Table 1. Comparison of state-of-the-art cryogenic VCOs with highest reported
operating frequencies

ISSCC
2022 [11]

ISSCC
2021 [7]

CICC
2021 [9]

RSI
2018 [17]

This
work

Technology 130 nm
SiGe

40 nm
CMOS

40 nm
CMOS

130 nm
SiGe

130 nm
SiGe

Temperature (K) 3.5 4.2 4.2 4 4

Frequency (GHz) 15.9 12.7 10.8 33.7 45.2

Tuning range 13.9-18.1 N/A 9.4-11.6 30.7-36.7 43.9-46.5

PDC (mW) 3.1 4.4 1.7 112a 45

Pout (dBm) N/A N/A N/A -21.5 5.8

PNb@1 MHz /
10 MHz (dBc/Hz)

-119.9 /
-141.7

-114.5 /
-136.2

-113 /
-138

-110 /
NA

-95.8 /
-120.3

Flicker PN
corner (kHz) 165-497 800 4000 N/A 1300

FoMc@1 MHz /
10 MHz (dB)

199d /
200.8d

190.1d /
191.8d

191.4d /
196.4d

159.1 /
NA

178.2 /
182.7

aestimated from plot, bbest-case values across the tuning range
cFoM = |PN(∆f)|+ 20 log

(
Freq.
∆f

)
− 10 log

(
PDC (mW)
Pout (mW)

)
dnormalized to 1 mW output power

the reported works. Good model-to-hardware correlation is
achieved at CT for the HBTs only. Modeling of passive
elements, especially the diode varactor, and the substrate for
cryogenic conditions can further improve the correlation.

IV. CONCLUSION

Design and characterization of a mm-wave differential
cryogenic VCO is presented. The VCO was designed using
HICUM/L2 with model parameters extracted at CTs to ensure
first-pass success. Reasonable agreement between circuit
measurement and simulation has been achieved. Observed
deviations are attributed to the lack of a cryogenic model for
the varactor and substrate related elements.

At 46 GHz (CT), the phase noise is -94/-120 dBc/Hz
at 1 MHz/10 MHz offset with an improvement of ∼5 dB
compared to RT at 10 MHz offset. A single-ended output
power of 5.8 dBm is achieved at CT, which relaxes the
LO buffer requirements needed to drive the I/Q mixer of a
mm-wave read-out receiver. The mm-wave operation allows
for a high degree of frequency multiplexing of qubits to
reduce power consumption and interconnect complexity of
control/read-out electronics of a quantum computing system
operating at 4 K. To the best of the authors’ knowledge, this is
the first successful demonstration of a Q-band cryogenic VCO
with the highest reported oscillation frequency and output
power.
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