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Voltage-Controlled Oscillators up to 98 GHz in SiGe Bipolar Technology
Werner Perndl, Herbert Knapp, Klaus Aufinger, Thomas F. Meister, Werner Simbürger, and Arpad L. Scholtz

Abstract—In this paper, two fully integrated voltage-controlled
oscillators (VCOs) in a 200-GHz SiGe bipolar technology are
presented. The oscillators use on-chip transmission lines at the
output for impedance transformation. One oscillator operates up
to 98 GHz and achieves a phase noise of 85 dBc/Hz at an offset
frequency of 1 MHz. It can be tuned from 95.2 to 98.4 GHz and it
consumes 12 mA from a single 5-V supply. The second oscillator
operates from 80.5 GHz up to 84.8 GHz with a phase noise of

87 dBc/Hz at 1-MHz offset frequency. The output power of both
circuits is about 6 dBm.

Index Terms—Phase noise, phase noise measurement, SiGe,
voltage-controlled oscillator (VCO), waveguide.

I. INTRODUCTION

VOLTAGE-CONTROLLED oscillators (VCOs) are key
components in many applications ranging from commu-

nication systems to radar distance sensors. Since the demand on
bandwidth increases continuously, circuits for higher frequency
bands are required. The highest frequency fundamental-mode
oscillator reported so far operates up to 146 GHz and is
fabricated in an InGaP–InGaAs technology with an of
170 GHz [1]. In silicon-based technologies, VCOs with oper-
ation frequencies up to 60 GHz [2], 88 GHz [3], and recently,
100 GHz [4] have been reached so far. An oscillator design up to
50 GHz which exhibits a very low phase noise of 110 dBc/Hz
at an offset frequency of 1 MHz has been presented in [5].

In this paper, two fundamental-mode VCOs with different
resonator designs are presented. The main attention was given
to reach very high oscillation frequencies without neglecting
phase noise and output power. The circuit concept is based on
the Colpitts oscillator. It includes a quarter-wave transformer at
the output for impedance transformation, which is a novelty for
silicon-based technologies.

The results of the VCOs have been recently presented by the
authors [6]. In this paper, circuit design and technology param-
eters are presented in more detail. Additionally, the influence of
the measurement equipment on the results are discussed which
affected phase noise data in [6].
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Fig. 1. Negative impedance model for analyzing oscillators.

II. CIRCUIT DESIGN

A. Oscillator Model

Oscillators can be analyzed either as amplifiers with positive
feedback or as negative impedance circuits. At the beginning of
the design process, we analyze the oscillators with the negative
impedance model shown in Fig. 1. This model consists of an ac-
tive device represented by a negative resistance with a capacitive
reactance connected to a series resonant circuit. The oscillation
frequency is set by the resonant frequency of this circuit
according to

(1)

The condition for oscillation is that the negative differential
input resistance at least compensates the resonator losses at the
oscillation frequency

at (2)

At start-up of oscillation, the negative resistance of the active
device must exceed the resonator losses by about 20% [7]. When
steady-state oscillation has built up, large-signal effects cause an
increase of the negative resistance and the active device exactly
compensates the resonator losses, .

B. Colpitts Oscillator

The circuit diagram of the 98-GHz VCO is shown in Fig. 2.
It is based on the common-collector Colpitts oscillator. In [5]
and [8], methods for design and optimization of integrated LC
oscillators are presented. In [9], a novel method to investigate
the phase noise of oscillator is explained. In this paper, the main
objective is to evaluate the maximum oscillation frequency of
this circuit by means of the negative impedance model.

With the assumption of an ideal transistor , the impedance
of the active device in Fig. 2 can be calculated as

(3)
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Fig. 2. Circuit diagram of the 98-GHz VCO.

Parasitic elements of transistor like the base resistance
and the collector-base capacitance increase the real

part of and therefore reduce the maximum oscillation fre-
quency. Additionally, the load of transistor increases the
negative differential resistance of (3). In order to minimize the
reduction of the maximum frequency due to the load of
the grounded coplanar transmission line transforms the
impedance of the output network, comprising the pad capaci-
tance and the 50- impedance of the measurement equipment
in parallel, into a low impedance at the collector of . This
transformation decreases the negative resistance of
the oscillator impedance, which enables higher operation fre-
quencies. In Fig. 3, the real and imaginary parts of the simulated
impedance with and without the transmission
line are shown. The maximum possible oscillation fre-
quency is set by the zero-crossing of ; see (2). In Fig. 3,
it can be seen that oscillation with this configuration is only pos-
sible due to the use of transmission line . The actual os-
cillation frequency is set by the zero-crossing of the imaginary
part ; see (1).

Large-signal conditions change the voltage-dependent pa-
rameters of the transistor. Therefore the results of the linear
approach are used as first design results which have to be
further optimized by large signal analysis.

C. Resonator

The resonator consists of an inductor , a capacitor and a
diode-connected transistor . The collector-base capacitance
of is used as varactor in order to tune the oscillator’s fre-
quency. provides an RF ground at the transistor .
and constitute the capacitive voltage divider of the Colpitts
oscillator. All capacitors are realized as parallel plate capaci-
tors using metallization layers. The inductance was designed
using a field simulator. A careful optimization of the resonator
and the capacitors and is necessary in order to increase
the quality factor of the resonator and so improve output power
and phase noise performance without reducing the maximum
oscillation frequency. If the capacitors and are large, par-
asitics of the transistor will have a negligible effect but the
maximum oscillation frequency will be reduced. A high induc-
tance of results in a better phase noise but also reduces the
maximum oscillation frequency. If the capacitor in the res-
onator is small, could be high at a constant resonant fre-
quency, but the tuning range will be narrowed. should be
as large as possible in order to provide an RF ground at the res-
onator. As an adequate dimensioning of the components we ob-
tained fF, fF, fF, fF

Fig. 3. Simulated impedance Z = Z + Z of the 98-GHz VCO.

Fig. 4. Circuit diagram of the 84-GHz VCO.

and pH. The collector-base capacitance of can
be set from 150 to 270 fF depending on the tuning voltage. The
losses of and are modeled as series resistors with values
of 1.7 and 1.4 , respectively.

D. 84-GHz VCO

The circuit diagram of the 84-GHz VCO is shown in Fig. 4.
In the resonator, the resistor and the capacitor are not im-
plemented, as compared to Fig. 2. The polarity of the transistor

is reversed. These modifications lead to an inverse tuning
behavior and a larger tuning range at a slightly lower oscillation
frequency.

III. TECHNOLOGY

In this section, the SiGe technology in which the oscillators
are fabricated is described [10], [11]. The transistors have a
double-polysilicon self-aligned emitter-base configuration with
an effective emitter width of 0.18 m. The SiGe:C base of the
transistors has been integrated by selective epitaxial growth. A
TEM cross section of the emitter-base configuration is shown
in Fig. 5. As seen from this micrograph, the transistor exhibits
a monocrystalline emitter contact in the active transistor region
without any interfacial native oxide. The emitter resistance of
these transistors is reduced by 35% compared to polysilicon
emitter devices.

The transistors manufactured in this technology offer a transit
frequency of 206 GHz, a maximum oscillation frequency

of 197 GHz and a ring-oscillator gate delay of 3.9 ps. In
Fig. 6, the cut-off frequency versus collector current is shown
for three different collector-base voltages.
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Fig. 5. TEM cross section of the emitter-base complex of a transistor with
effective emitter width of 0.18 �m.

Fig. 6. Cut-off frequency f versus collector current I of a transistor with
an effective emitter size of 0.18� 2.8 �m .

In Table I, the most important transistor parameters of a de-
vice with an effective emitter size of 0.18 2.8 m are shown.
The technology provides four metallization layers and three dif-
ferent types of polysilicon resistors.

IV. EXPERIMENTAL RESULTS

In Fig. 7, the chip photograph of the 98-GHz VCO is
shown. The oscillator core, the metal-metal capacitors, and
the transmission lines can be seen clearly. The chip size is
550 m 450 m.

A. Tuning Characteristic and Output Power

The measurements have been performed on-wafer with an
Agilent 8565EC spectrum analyzer, an Agilent 11 970 W har-
monic mixer (75–110 GHz), a GGB 120-GHz GSG microwave
probe, and a Millitech full-band isolator connected with straight
waveguide sections. Due to the losses in the microwave probe
and the isolator, there is an attenuation of at least 3 dB in the
considered frequency band.

The oscillators operate with a supply voltage of 5 V.
This leads to a total current consumption of 12 mA and an
emitter current density of 6 mA m . In Figs. 8 and 9, the
measured oscillation frequency and the output power versus
the VCO tuning voltage are plotted for the 84-GHz VCO and
the 98-GHz VCO, respectively. The measured output power is
about 9 dBm, however, due to the losses in the measurement
setup, the actual output power is approximately 6 dBm. The
frequency steps in the tuning behavior in Figs. 8 and 9 result

TABLE I
DEVICE PARAMETERS

Fig. 7. Chip photograph of the 98-GHz VCO (chip size: 550 �m� 450 �m).

Fig. 8. Measured oscillation frequency and output power versus tuning voltage
of the 84-GHz VCO.

from influence due to the measurement setup, which is analyzed
in Section IV-C.

In Figs. 10 and 11, the measured output spectrum of the VCOs
are shown.

B. Phase Noise Measurements

The phase noise performance has been measured with the
phase noise measurement system Europtest PN-9000, an Agi-
lent 11 970 W harmonic mixer (75–110 GHz), on-wafer probes
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Fig. 9. Measured oscillation frequency and output power versus tuning voltage
of the 98-GHz VCO.

Fig. 10. Measured output spectrum of the 84-GHz VCO.

Fig. 11. Measured output spectrum of the 98-GHz VCO.

specified up to 67 GHz, and an Agilent coaxial-to-waveguide
adapter V281A. The coaxial system specified only up to 67 GHz
in front of the harmonic mixer exhibits about 20 dB loss at
95 GHz. Due to the high loss, matching is improved and the in-
fluence of the measurement equipment is avoided. In Fig. 12, the
single-sideband phase noise of the 98-GHz VCO versus offset
frequency is shown. At an offset frequency of 1 MHz, the phase
noise of the 98-GHz VCO is 85 dBc/Hz, the 84-GHz VCO
shows 87 dBc/Hz, which fits quite well with simulations. As

Fig. 12. Measured phase noise of the 98-GHz VCO.

Fig. 13. Simulated tuning behavior and phase noise at 1-MHz offset frequency
of the 98-GHz VCO versus a continuously decreasing tuning voltage including
the waveguide at the output.

TABLE II
COMPARISON OF STATE-OF-THE-ART OSCILLATORS AND VCOS

expected, at low offset frequencies the phase noise correspondes
to , and at offset frequencies above 5 kHz, the correspon-
dence is .
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TABLE III
SUMMARY OF TECHNICAL DATA

Fig. 14. Oscillation frequency versus tuning voltage of the 98-GHz VCO
measured with the coaxial measurement equipment.

C. Influence of Measurement Equipment

The influence of the waveguide components becomes obvious
in the frequency steps of the tuning behavior; see Figs. 10 and
11. The height of these steps directly corresponds to the length
of the waveguide, which acts as an additional resonator for the
oscillator. This resonator not only influences the tuning char-
acteristic, but also improves the phase noise. In Fig. 13, the
phase noise of the VCO at 1-MHz offset frequency is simulated
versus tuning voltage. In this simulation the waveguide at the
output is included. The characteristic in this simulation shows a
hysteresis, so in Fig. 13 the tuning voltage was decreased con-
tinuously from 0 V to 5 V. The simulated tuning behavior is
almost the same as in the measurements; see Fig. 9. It can be
seen that the phase noise is subject to strong variations which
correspond to the frequency steps. This behavior has been veri-
fied by measurements which exhibit a minimum phase noise of

97 dBc/Hz and a maximum phase noise of 85 dBc/Hz, both
at 1-MHz offset.

In order to prevent the influence of the waveguide an on-chip
output buffer could be used. In the measurements of Fig. 12,
the resonator was avoided by applying high losses; see Sec-
tion IV-B. This measurement setup enabled smooth tuning
curves (Fig. 14) and accurate phase noise data at the cost of
reduced output power.

V. CONCLUSION

In this paper, a 84-GHz and a 98-GHz VCO implemented
in a SiGe bipolar technology have been presented. In Table II,
published fundamental-mode, state-of-the-art, fully integrated
oscillators and VCOs are compared. Table III summarizes the
technical data of the VCOs presented in this work.
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