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Abstract —  This paper presents an intermediate-
frequency voltage-controlled oscillator using a Widlar-
Bandgap for stable operation over supply and temperature
variations without degrading the phase noise performance
The design is fabricated in a 0.35 um SOI BiCMOS and is
packaged in a QFN24 plastic package. The VCO operates at
1 GHz with a tuning range of 250 M Hz and achieves a phase
noise of 113 dBc/Hz at 400kHz offset from the arrier. The
VCO core and buffer consume 4 mA and 11 mA froma 2.7V
power supply, respedively. The IF-VCO is saiitable for
GSM/DCS transcever | C applications.

|. INTRODUCTION

Recent advances in integrated circuit (IC) techndogies
have fadlit ated the redizaion d single cip transceivers
for even such applicaions as the GSM cdlular telephore
standard [1],[2]. Voltage controlled oscill ators (V COs),
however, are some of the most difficult comporents to
integrate on-chip due to stringent system spedficaions
[1],[2]. System spedfications often require VCOs with
very low phase noise while minimizing paver and chip
area  Since the phase noise of a VCO is inversely
propational to the quality fador (Q-fador) of the LC-
tank, high-Q passve mporents uch as inductors,
cgpadtors, and varadors are needed to redize low phase
noise VCOs [3],[4]. High-Q pasdve dements are dso
nealed to achieve low power consumption [3],[4]. Thus,
in order to make integrated VCOs and aher RF building
blocks possble, today’ s advanced techndogies often offer
not only high-frequency bipolar and MOS transistors but
aso highQ pasdve dements guch as inductors,
cgoadtors, and varadors [1],[2]. High-Q indwctors are
othen redized using thick metal [1],[2],[5], while high-Q
varadors are often implemented using poper layout
techniques [6].

Many VCOs in bah hipdar (for example, [7], [8]) and
CMOS techndogies (e. g. [9]-[10]) have been reported.
However, little dtention hes been paid to VCO bias
techniques for adiieving low phase noise while
maintaining stable operating point over suppy and
temperature variations. In this paper, aWidlar Bandgap is

embedded into an intermediate-frequency voltage-
controlled oscill ator (IF-VCO) for stable DC-bias over
supdy and temperature variations.

Il. vCO DESIGN

The schematic of the IF-VCO is own in Fig. 1. The
negative resistance of the VCO is redized using
differential pair transistors Q,,-Q,, as well as couding
cgpadtors C,-C,. These mupging capadtors are dosen to
attenuate the signal at the base of transistors Q,,-Q,, to
allow sufficient voltage swing a the wlledor withou
transistors entering the saturation region. The LC-tank
consists of spiral inductors L, and PN-junction varadors
C,. Biasresistors R. are chosen sufficiently large so that
they do nd disturb the Q-factor of the LC-tank.

A dable DC operating pdnt over supdy and
temperature variations is obtained by embedding the VCO
in a Widlar bandgap [11]. The Widlar bandgap consists
of transistors Q,,-Q,, where transistor Q,, ensures that the
colledor voltage of Q,, is equal to V.. Since both
colledor voltages of transistors Q,,- Q,, are & V., the
bias current |, flowing through the resistors R, is the
same. Furthermore, because transistor Q,, is N times
larger than Q,, transistor, a bias current 1,,. that is
propartional to absolute temperature (PTAT) is achieved
[11]. With aPTAT bias current I, the transcondictance
of VCO transistors Q,,-Q,, is independent of temperature
and insengitive to suppy voltage variations [12].

The IF-VCO with an oscill ation frequency of 1 GHz has
been designed by seleding a 5.3 nH inductance for the
spiral and a 2.5 pF to 5.0 pF variable cgadtance for the
PN-junction varador. ASITIC was used to mode the
spira inductor [13]. The inductor is 320 um on a side
and uses 15 pm wide tradk width to reduceresistance. The
inductance is redized using 5 turns with 3 pm spadng.
Isolation mesh is implemented underneah the inductor to
minimize posshble eddy currents. The IF-VCO design hes
been smulated using the Spedre/SpedreRF simulator
from Cadence. Fig. 2 shows the ssimulated DC-operating
point of the VCO over supply and temperature variations.



The amitter voltage of transistors Qus-Qns has a simulated
DC-bias variation of approximately 44 mV over 2.7 V to
3.0 V supply and —40 C to 125C temperature variation.
The bias current lgas IS propationa to absolute
temperature and exhibits a simulated bias current variation
of approximately 40 pA over 2.7 V to 3.0 V supply
variation. The VCO consumes 3.1 mA from a 2.7 V
power supply at 25 C. The simulated tuning range of the
VCO is 246 MHz, whil e the oscill ation level of the VCO
varries from 530 mVpp to 790mVpp over control voltage
range of 0 V to 27 V. Over supply voltage variation of
2.7V to 3.0V the oscill ation level varies by approximately
60 mV. The oscill ation level increases with temperature,
since bias current of the VCO core transistors is
propational to absolute temperature. At 125 C, the
oscill ation level is approximately 1.6 times the oscill ation
level at —40 C over entire mntrol voltage range. The
simulated phase noise of the VCO is—1018 dBc/Hz and —
1138 dBc/Hz & 100 kHz and 400kHz offsets from the
carier, respedively. According to SpedreRF, the largest
contribution of noise to VCO phase hoise & 100 kHz and
1 MHz offsets from the carier comes from transistors
Qna-Qnis (approximately 50 %) and lossin spiral inductors
(approximately 21 %). Embedding the VCO inside the
Widlar-bandgap as sown in Fig. 1 dces not have
significant adverse dfeds on phase noise, which is one of
the advantages of this circuit topdogy.

Il. BUFFER DESIGN

Fig. 3 shows the schematic of the output buffer that is
used to drive the 50 Q measurement equipment. The
output of the VCO is DC-couded using emitter foll owers
composing d transistors Q,,-Q,,- The emitter followers
buffer the signal as well as provide the voltage shifting
nealed to properly bias the differential pair transistors
Q. Q... Degenerationresistors Q,,-Q,, are used to reduce
the magnitude of the harmonics. The output of the
differential pair is couped to the output transistors Q,.-Q,
using capadtors C_,-C_,. Resistors R, -R, are used to bias
the output of the buffer to 1.5 V.. below suppy voltage.
The output stage operates in a dassAB mode, and wsing
an external bypass cgpadtor, the output stage drives
diredly the 50 Q load. The buffer design was smulated
using the Spedre/SpedreRF simulator. The buffer draws a
simulated current of 10.2 mA from a 2.7 V power suppy
a 25 C. The output buffer harmonics are —18.7 dBc
below the carier, whil e the output buffer delivers a power
of —3.6 dBminto 500hm load.

Il . EXPERIMENTAL DESIGN

The IF-VCO was fabricated in a 0.35 ym BiCMOS
techndogy [14], which has 4 layers of auminum. The
process feaures 2 um top aluminum layer, which makes
possble integration Hgh-Q spira inductors. High-density
metal-insulator-metal (MIM) cgpadtors as well as a z&o
temperature efficient polyslicon resistor are dso
available in this process The passve devices used in the
VCO have been charaderized onwafer. The 2.5 pFto 5.0
pF PN-junction varador has a measured Q-fador of 63 at
1 GHz, while the 5.3 nH spiral inductor has a measured Q-
fador of 6.5 at 1 GHz.

Microphdograph o the IF-VCO is iown in Fig. 4.
The die was padkaged in a QFN24 fdastic package. Fig. 5
shows the measurement setup. The padkaged device was
asembled on a FR-4 PCB board and all measurements
were performed using an Agilent 43528 VCO/PLL
anayzer.

For phase noise and ouput spedrum measurements, the
oscill ation frequency of the IF-VCO was st to 1.09 GHz
using a low phase noise frequency reference and an
internal narrowband PLL of the 4352B anayzer. Fig. 6
shows the measured ouput spedrum where the output
level of the VCO is—5.1 dBm. The second harmonic and
third harmonics are —26 dBc and —15 dBc below the
fundamental. Fig. 7 shows the measured phase noise. At
100 KHz offset from the 1.09 GHz carier, the measured
phase noise is—102 dBc/Hz, while & 400 KHz off set from
the carier the phase noise is =113 dBc¢/Hz. Tuning
charaderigtics of the VCO are shown in Fig 8 For a
control voltage dhange of O V to 27 V, the VCO tunes
from 931 MHz to 1181MHz. From a2.7V power supfy,
the VCO and ouput buffer consume 4 mA and 11 mA,
respedively.

In addition to the 1 GHz IF-VCO, a 500 MHz IF-VCO
was also fabricaed. The 500 MHz VCO has a tuning
range of 128 MHz, and a phase noise of —103 dBBc/Hz and
—114 Bc/Hz a 100 KHz and 400 Mz offsets from the
carier, respedively. The measurement results for 1 GHz
and 500MHz IF-VCOs are summarized in Fig. 9.

IV. CONCLUSION

A novel VCO circuit based on Widlar-bandgap which
does not have averse dfeds on plese noise has been
presented. 1F-VCOs operating at 1 GHz and 90 MHz
have been demonstrated. Measurement results compare
well with simulations. These IF-VCOs are suitable for
GSM/DCS transceiver applications[15].
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Fig.1. VCO schematic (VCO embedded in Widlar-bandgap).
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Fig. 2. Simulated DC-operating point of the VCO over suppgy

and temperature variations (emitter voltage of Q,,-Q,, and Was
current I, J).
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Fig. 3.  Output buffer schematic.




Fig. 4.

Chip microphdograph.

AGILENT 4352B VCO/PLL Analyzer

VCTRL vcc V|N
VCTRL VCC

@: Bul™ Vour
Vo

Vee
L

Fig.5. Measurement setup.
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1 VCO Supgy Current [mA] 4 4
Buffer Supdy Current [mA] | 11 11
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Tuning Charaderistics.
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Summary of measurement results.




