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Abstract — An optimization technique for a low phase
noise CMOS LC VCO is proposed. The combination of
harmonic tuning and on-chip filtering improves both 1/f 3
and 1/f 2 phase noise more than 10 dB over a comparable
reference VCO. A 2.7 V, 5.4 mA, 30 % tuning rangel GHz
voltage controlled oscillator (VCO) is designed wh the
technique and implemented in a 0.3%m CMOS process.
The optimized 1 GHz CMOS differential VCO achieves89
dBc/Hz, -116 dBc/Hz and -135 dBc/Hz at 10 KHz, 10QHz,
and 1 MHz offset frequencies from the carrier, respctively.

Index Terms — CMOS VCO, harmonic tuning, low phase
noise, nano CMQOS, flicker noise.

|. INTRODUCTION

A major challenge in the wireless industry thesgsda
the high level integration of functional blocks ngpilow-
cost CMOS technology. Among the efforts for theghin
chip radio integration, the implementation of a Iplhase
noise VCO gets a lot of attentions because theghaise
of the VCO is one of the most critical parametersthe
establishment of the information transfer functids.the
CMOS downscaling is in progress for high
integration at a low cost, thEf corner frequency of the

level

understanding of these phase noise mechanism . T
phase noise is mainly induced from various mixing
phenomena of negative gm switching differentialr pai
such as downconversion from thermal noise compoatent
harmonics of the oscillation frequency and upcosieer
from flicker noise in baseband to the phase noise i
fundamental frequency.
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Fig. 1. A simplified schematic diagrams of (a) Standard VCO

small size transistors in the newer process temds tand (b) Harmonic tuned VCO.

increase and this is the crucial problem of the GVIO

VCO. This paper presents an optimization technigpue

The well-known phase noise model for an oscillasor

the phase noise performance of the CMOS LC VCd-eeson’s proportionality [3].

which reduces the up-converted flicker noise domeitia
1f *-shaped part and thermal noise dominatéid >
shaped part of the noise spectrum. The optimizedzLG
CMOS differential VCO delivers a measured phassaoi
which is 10dB lower than a conventional one forhbot
close-in phase noise at 10KHz offset and a higlffseto
phase noise at 1MHz. Fig. 1 shows a simplified st
diagrams of the proposed CMOS LC VCOs

Il. PHASENOISEISSUES ANDVCO DESIGN
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Where the phase noise is given Ky C noise that is
shaped in frequency domain by LC tank and normdlize
to the power in the tank. The phase noise is sdajed
specific noise factoF, which has been extracted recently
for an LC oscillator [1] from the noise model of xar
with a switching differential pair [4]. The noisactor is

Recently, the theory and analysis for the physic:af‘wen by

processes of the phase noise in differential @goils [1]
have been made significant progresses and theitgm®

to lower the phase noise have been advanced by

£, 8/R
v,

(o]

8
Vg B mis R (2)



With these LC tanks, the simulated output waveforms

Where | is the bias currenty is the channel noise
of oscillators at output node A and B of Fig. 1 ah®wn

coefficient of the FETR is the load resistance agghas
is the transconductance of the current-source AEE  in Fig. 3.

first and second terms in equation (2) describeptese Actually, because the phase noise from the respnato
noise contributions from the resonator loss andoss is also induced via modulation of zero cragsin
differential-pair FETs, respectively. The secondntean instants of the differential pair, the harmonicitgican

be reduced by increasing, which is the voltage across reduce the resonator noise portion also. The tterth

the resonator and proportional to the slope at zersignifies the phase noise produced by down-cornwmersi
crossing voltage at the switching cell [4]. Thus,the current source noise component at the 2nd hrdemo
increasingV, means a steep rising at the zero crossingf the oscillation frequency. The harmonic tuned ta@k
point. To realize the concept, we have employed @resents shortness at the 2nd harmonic and thisizta
harmonic tuned LC tank, which can deliver a squarghe tail voltage fluctuation (see Fig. 4.). Thuse turrent
wave form voltage to the cell [5]. The proposedta@k source induced phase noise is reduced through the
is open at the fundamental frequency and third leaicn  harmonic tuning.

and short at the second harmonic as shown in Fig. 2
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Fig. 2. Simulated S parameters of the two tank&@or  Fig. 4. Suppression of 2fo at tail node by harmonic

Ohm terminations. tuning.

25 The phase noise close-in to the oscillation freques
2ol . s dominated by the flicker noise upconversion and &as
slope of -30 dB/decade. The noise sources for the

upconversion are the tail current source (CS) and
negative gm switching differential pair.

The flicker noise from the tail current source is
converted to f due to the mixing action of the VCO
circuit [6] and the noise is delivered to the rexon as an
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AM noise and the tuning varactor converts the ANkao

'50.0 50.5 .51.0 51.5 52.0
Time, ns into an FM noise [1]. The FM sidebands appear as th

(@ ; . :
close-in phase noise. The AM to PM conversion ddpen
on the gain of the varactor and can be minimized by
reducing the size of the CMOS varactor, while aewid
tuning can be implemented via capacitor array which
switched on and off in parallel with the LC tanK.[Zhe
switched tuning method is not adopted in this pdpea
simple structure but PMOS CS with a large gatetlemg
e ne Voo e e e G, e of the
50.0 50.5 51.0 51.5 52.0 1
Time, ns CS) oscillates at twice of the oscillation frequgn2f,
because the CS is pulled every time each NMOS (PMOS

®)
transistor of the differential pair switches on.uhthe

Fig. 3. Simulated time-domain voltage waveforms of
(a) Standard VCO and (b) Harmonic tuned VCO. flicker noise of the CS is upconverted tq, 2firough
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channel length modulation [6] and it is mixed down
again to the oscillation frequency and presentsctbse-

in phase noise. The phase noise can be minimized Iparasitic capacitance pC This
suppressing the 2nd harmonic at tail node(the cammoindependent phase noise

mode node of the CS). The suppression gi2made by
the proposed harmonic tuning.
The flicker noise from the switching differentiakip

thus prevents degradation of the resonator Q. AHO
inductor is used to resonate at, & parallel with the
techniqgue has an
reduction effect and the
combination of both harmonic tuning and filtering
technigue can reduce the phase noise significaotly
both 1/f ® and 1/f ? regions. Using these techniques, a

modulates the 2nd harmonic voltage waveform at theomplementary VCO is adopted for the phase noise

common source node every half period, which induces
noisy current in the parasitic capacitance at thece of
each switching pair. This current is mixed downthie
fundamental frequency by the switching pair, indgci
the close-in phase noise. Actually this phase nizisa
small portion due to the switching nature of theiltator,
but this portion can be increased with the dowriisgadf
CMOS to nano-size. In nano-CMOS with tens of nmegat
length, though the CS flicker noise can be minimize
using MOS transistors with relatively large gategth,
the nano-size transistors should be used for thietsnwg

pair for high frequency operation and generate much

more flicker noise.

A process that plays an important role for generatif
the 1/f noise in MOSFET is carrier (de)trapping in
localized oxide states. The switching interferethwhe
(de)trapping process and can be a means to redad# t
noise itself by forcing the trap to release its toegd
electron [7]. The proposed harmonic tuning makes th
oscillating wave rectangular, much like an ideal
switching with 50 % duty cycle. Ideally, it can rewe all

memory and consequently the flicker noise. The @has

noise contributions of the various noise componehthe
test VCO at 100 KHz offset frequency show this
anomalous 1/f noise reduction effect (see Table. 1)

TABLE |

PHASE NOISE CONTRIBUTION OF THE PROTOTYPEC VCO
Optimized LC VCO

Standard LC VCO

Noise sources b’:zm:; % of Total Noise sources bﬂ?iiosnf (‘i/oz?:iz') % of Total
Core.Mo, f ‘ﬁ.sseh\ 18.23 CS.MO, th 42413 11.03
Core.M1, fl ‘QS&E%’ 18.23 CS.M1, th 4.24e-13 11.03
CS.M1, th 3.77e-12 \l5.16 Core.M3, th 4.00e-13 10.43
CS.MO, th 2.69e-12 N Core.M2, th 4.00e-13 10.43

CS.M1, fl 2.39%-12 9.60 Core.MO, th 2.75e-13 7.16
Core.M1, th 1.50e-12 6.04 ore.M1, th 2.75e-13 7.16
Core.MO, th 1.50e-12 6.04 CS‘\th 2.68e-13 6.97

CS.R,m 1.17e-12 4.70 4.58

21
21

CS.Mo, fl

Reso.L1,rn

1.09e-12
3.61e-13

4.38
145

Reso.L1,| 1.76e-13
Core.MO, fl 7.74e-14
Core M1, fl N_7.74e-14

Core: switching differential pair, CS: current source, Reso: resonator
fl: flicker noise, th: thermal noise, m: resistor

The noise filtering technique [2] prohibits theaeator
being loaded by differential pair FETs in triodeyion,

optimized test structure. The phase noise simulatio
results in Fig. 5 shows the phase noise reducfiectef
each technique and also of the combined case.
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Fig. 5. The simulated phase noises for 1GHz VCO,
showing the phase noise reduction effects for each
technigue and for combined case.

For the design parameters, a symmetric inductd® of
nH with patterned ground shield and two diode varacto
of 4.5 pF in series connection are used for the resonator
at f, and estimated Q of the inductor is about 9. The
additional resonator at 3fis included using 1.2hH
inductor and 1.15pF capacitor. Fig. 2 shows the
simulated S parameters of the two tanks for B0
terminations. The combined circuit of the two resons
provides nearly perfect short at ,2fcreating the
rectangular wave at OSC output node as shown in Fig
3(b).

I1l. MEASUREMENTRESULTS

A test VCO circuit is designed using the proposed
phase noise optimization technique in the ArBECMOS
process of STMicroelectronics. The microphotograh
the fabricated chip with 1.2 mm x 0.43 mm areahionn
in Fig. 6. The VCO is tunable between 800 MHz ard 1
GHz. The VCO operates from 2.7 V supply and biages
5.4 mA. The packaged chips are measured on a HB4352



VCO/PLL signal test system. Fig. 7 plots the meedur
phase noise for the test VCO at the oscillatiogdsncy

of 1 GHz. It is compared with the measured phasseno
of the standard VCO. Both OSCs are biased at thee sa
current. The fully integrated VCO with the phaséseo
optimization technique shows a phase noise reduaio
about 10 dB in botH/f ® and 1/f 2 regions. The VCO
achieves -89 dBc/Hz, -116 dBc/Hz and -135 dBc/Hz(at
KHz, 100 KHz, and 1 MHz offset frequencies from the
carrier, respectively. The proposed phase nois
suppression technique arises from understandingptbf
thermal and flicker noise induced phase noise nrésha
and enables the reduction of differential switchipegr
flicker noise itself and its translation into phaseise.
This is represented by the reduction Bf * corner
frequency from 110 to 35 KHz (Fig. 7).
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Fig. 6. Microphotograph of the VCO with 1.2mm X
0.43mm chip area.
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Fig. 7. Measured phase noises at 1GHz of the pedpos
VCO and comparable standard VCO.

TABLE 2
DIMENSIONS OF THEVCO TRANSISTORS
Transistors | Size (W X Linpm)
Cs,M1 300X 3
CS, MO 320 X 3 (4)
Core, M2, M3 160 X 0.35
Core, MO, M1 100 X 0.35

e
IV. CONCLUSIONS

A 2.7V, 54 mA, 1 GHz CMOS LC tank VCO with
30 % tuning range has been presented. The proposed
phase noise optimization technique achieves a phase
noise reduction of about 10 dB in botff * and 1/f
regions, which is from maximizing the slope of theput
voltage wave at zero crossing point, presenting \@m
resonator impedance at,2ind providing high impedance
at common source node of NMOS switching pair gt 2f
The proposed technique also reduces the diffeiepaia
flicker noise itself and is expected to extend the
applicability of CMOS LC VCO to nano CMOS with
progressed downscaling.
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