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A —119.2 dBc/Hz at 1 MHz, 1.5 mW,
Fully Integrated, 2.5-GHz,
CMOS VCO Using Helical Inductors
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Hyungcheol Shin, Senior Member, |EEE

Abstract—T his letter presentsthe implementation techniqueto
reduce area occupation in designing voltage-controlled oscillators
(VCOs) using filtering technique. We applied a helical inductor to
the noisefilter in 2.5-GHz CM OSVCO to reduce area occupation.
Because a helical inductor has less area occupation, small silicon
areawasachieved. ThisVCO isoperatingin the2.5-GHzband with
power consumption of 1.5 mW and phase noise of —119.2 dBc/Hz
at 1-MHz. Our VCO has the excellent performance of the phase
noise over the power consumption.

Index Terms—CMOS, helical inductors, phase noise, RF,
voltage- controlled oscillators.

I. INTRODUCTION

ANY design challenges may be faced toward a CMOS

single-chip radio. Among them, to design an integrated
CMOS voltage-controlled oscillator (VCO) with low phase
noise, low power consumption, and low cost isimportant issue.
From this point of view, afiltering technique [1] is one of so-
lutions to lower the phase noise of the VCO without additional
power consumption. The only drawback of afiltering technique
is a large area occupation due to additional inductors, and
therefore there is tradeoff between low phase noise and small
area occupation.

In this letter, using helical inductor [2] for a noise filter
is proposed to reduce area occupation. A 2.5-GHz CMOS
VCO using helical inductor was fabricated in a 0.18-zm
6-metal CMOS process. Because a helical inductor has less
area occupation, small silicon area was achieved. This VCO
is operating in 2.5-GHz band with low phase noise and low
power consumption.

II. VCO DESIGN USING HELICAL INDUCTORS

Helical inductor occupiesless silicon areathan that of planar
spiral since the turn is expanded vertically as shown in the in-
sert of Fig. 1, [2]. Fig. 1 shows the measured quality factor and
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Fig. 1. Measured quality factor and inductance of helical inductors. Insert
shows the 3-D view of 4-turn helical inductor. The metal width is 15 xm and
the areais 90 x 90 pm?.

inductance of helical inductors with various number of turns.
The measured inductance and Q-factor at 5.2-GHz for 4-turn
helical inductor were 1.9 nH and 7, respectively. Generally, top
metal is thicker than the other metal layers, so Q-factor of he-
lical inductor would be worse than that of planar spiral. How-
ever, the area occupation of helical inductor is much smaller. In
addition, smaller area occupation gives smaller substrate loss,
so little performance degradation of the helical inductor over the
planar spiral isexpected. Consequently, helical inductors can be
applied to applications that small areais required such as noise
filters in VCOs, source degeneration inductors in LNAs, and
inter-stage matching circuits.

The schematic diagram of the VCO is shown in Fig. 2(a).
Both cross-coupled NMOS and PMOS pairs (M;—M,), in pos-
itive feedback, compensate the L C tank loss. This structure has
a better phase-noise performance for a given bias current due
to both higher oscillation amplitude and waveform symmetry
[3]. Ly in series with the current source push to make a high
impedance current source at 2 f, and placing a large capacitor
Cy in paralel with the current source shorts noise frequencies
around 2 f, which eliminates contribution of current source to
phase noise and results in lowering phase noise [1]. In thisim-
plementation, to reduce area occupation, the noise filter was
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Fig. 2. () VCO schematic. (b) Chip photograph. The die area is 0.36 x
0.45 mm?.

made of a 4-turn helica inductor (L) and a MOS capacitor
(Cx). As shown in Fig. 2(b), the area increase due to the noise
filter was very small. L, occupied only 5% over whole chip.

The LC tank consists of one differential inductor (L;) and
two MOS varactors (Vy and V). A 5.5 nH differential inductor
with a poly-shield used for the tank has Q-factor at 2.5 GHz of
9. The accumulation-mode MOS varactor with nt poly gatein
n-well [4] was used for frequency tuning. The measured capac-
itance varies from 104 fF to 281 fF and Q-factor is more than
60. In addition, the capacitor-switches (C;—C2 and M;—Mg) for
discrete frequency tuning were used to overcome process vari-
ations. The power consumption of aVCO strongly depends on
the performance of the LC tank. The effective conductance of
thetank wasabout 1.9 mS. Thus, therequired transconductances
of NMOS (g, ) and PMOS (g,,,,,) are5.7 mS, and the bias cur-
rent (71,:.s) should be larger than 0.8 mA (= 0.4 mA x 2). In
the measurement, 1.0 mA was flowed in the VCO.

We used the top-biased scheme which the current source
is connected from the positive supply to the sources of the
cross-coupled PMOSs. The top-biased scheme is preferred in
the low-power VV CO design because there is not the degradation
of the negative-g,,, caused by the body-effect [5]. Moreover, the
top-biased scheme is more immune to substrate noise because
the current source is placed in an n-well [1].

1. MEASUREMENT RESULTS

Fig. 3(a) shows frequency-tuning characteristics and phase
noise performance. The oscillator operates from 2.520 GHz to
2.651 GHz when the capacitor-switch turns off. 5.8% tuning
range was obtained. Turning the capacitor-switch on, oscilla-
tion frequency shifts down. Overall tuning range at a center fre-
guency of 2.55 GHz is 7.8%. —119.2 dBc/Hz at 1-MHz offset
of phase noise was achieved. The 1/f2 corner of phase noise
was about 120 kHz. Because the less dc current in MOSFET
gives theless 1/f noise and also because we Set g, = Gmp
for waveform symmetry, the 1/ 2 corner of phase noise can be
improved. Fig. 3(b) showsthe measured output power asafunc-
tion of the control voltage. Larger than —11.6 dB output power
was achieved.
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Fig.3. (&) Measured tuning characteristics and phase noise at 1-MHz offset as
afunction of control voltage. (b) Measured output power.

TABLE |
PERFORMANCE COMPARISON WITH OTHER REPORTED VCOs

Ref. Technology fo Vdd | Power Diss. | Phasc Noise | Offset | FOM Die Al;ea
(GHz) | (V) | (mw) (dBeMz) | (MHz) | (dB) | (mm})
\I,}“s CMOS 018 | 255 | 15 5 -119.2 1.0 | 18557 | 0.36x0.45
ork
3] | cMoS035u | 233 | 25 10.0 2117 06 | 182.95 NA
51 TcMoS0.250 | 24 | 20 2.8 1146 1.0 | 17773 | 0.33%030
[6] | CMOS0.25u | 236 | 25 1625 10433 06 | 164.12 | 0.31x0.41
7] | cMOS 0.8 | 245 | 18 36 115.0 1.0 | 177.22 | 0.75x037
8] | cMOS0.25n | 24 | 25 3775 1330 30 | 18532 | NA
9] | CMOS 0354 | 26 | 25 13.0 110.0 50 | 15318 | NA
[10] | cMOS0.35u | 22 | 14 12.6 1230 0.6 | 18328 | 1.1x0.85
1] BIT 20 | 27 324 102.0 0.1 | 172.92 | 0.60x0.60
[12] BIT 24 |36 50.0 780 0.02 | 162.59 | 0.50%0.50
[13] BIT 26 | 2.0 14.0 1040 01 | 18084 | NA

To compare the performance of different oscillators, figure of
merit (FOM) is used as defined by [1]

FOM = 101og( £ : 1 1
B 5 fm ' L(fm) P ( )

Table | summarizes measurement results and comparesto those
reported in [3], [5]-{13] that are operated at 2—3 GHz band. Our
VCO has the best figure-of-merit and the lowest power con-
sumption. Also, the silicon areais quite small.

IV. SUMMARY

A 2.5-GHz CMOSV CO with power consumption of 1.5 mW
and phase noise of —119.2 dBc/Hz at 1-MHz was presented.
Our VCO hasthe excellent performance of the phase noise over
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the power consumption. In addition, we used a helical inductor
asanoisefilter for reducing the silicon area. Helical inductor is
one of the excellent candidates for reducing the chip area.
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