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Intrinsic 1/ f Device Noise Reduction and Its
Effect on Phase Noise in CMOS Ring Oscillators

Sander L. J. Gierkink, Eric A. M. Klumperink, Arnoud P. van der Wel,
Gian Hoogzaad, Ed (A. J. M.) van Tuijl, and Bram Nauta

Abstract—This paper gives experimental proof of an intriguing +5V
physical effect: periodic on—off switching of MOS transistors in a Re Re
CMOS ring oscillator reduces their intrinsic 1/ f noise and hence 33k0 3kQ
the oscillator’s close-in phase noise. More specifically, it is shown kO kO
that the 1/f* phase noise is dependent on the gate-source voltage
of the MOS transistors in the off state. Measurement results, 10pF 10pF )
corrected for waveform-dependent upconversion and effective T~ ¢, Differential probe
bias, show an 8-dB-lower ¥ f* phase noise than expected. It will ——rl_—_l—vdif

be shown that this can be attributed to the intrinsic 1/f noise
reduction effect due to periodic on—off switching.
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|. INTRODUCTION
. . . . . Signal
ING oscillators are widely applied in areas such as digita) generator

data processors and wireless communication circuits
In these applications, oscillator phase noise critically affects -
system performance. Recently, especially the close-in ph&dk® Baseband/lf noise measurement setup.
noise (which is largely determined by/A device noise in
CMOS oscillators) has received increasing attention [1], [2]device noise under switched bias conditions. Sections Ill and
As noise results from device physics, designers generafly discuss the ring oscillator's phase-noise measurements.
consider it something one cannot change (for a given transisifter correcting the measured phase noise for 1) measured
geometry and biasing) and has to live with. This papehanges in upconversion and 2) changes in the effective bias
demonstrates that this is not necessarily true fof hoise of the MOS devices, the final results are shown be in good
in MOS transistors: periodic on-off switching appears tagreement with basebang fldevice noise measurements.
interact with the physical noise-generating processes in an
MOS transistor in such a way that itg A noise in the on-state
is reduced. The amount of reduction strongly depends on the
gate-source voltage in the off-state. The effect was reported in
1991 [3] but we seem to be the first to explore its implications.
In a ring oscillator, the transistors are switched by the In this section, the influence of gate-source voltage switch-
oscillation itself. This paper shows that th&f£ phase noise of ing on the baseband power spectral density of thé doise
a CMOS ring oscillator benefits from this switching. Howeveigurrent of an NMOS transistor is investigated. For this pur-
it also appears that the effect can be counteracted by a chapgse, the experimental setup depicted in Fig. 1 is used [8], [9].
in upconversion and effective gate-source bias in the on-stafbe gates of two NMOS transistors are driven by a square
The contents of this paper are as follows. In Section Nyave signal, which is characterized by a 50% duty cycle, a
measurement results are presented of baseband MJS maximum voltage leveVgs_on, and an adjustable minimum
voltage levelVgs_orr, Which remains below the threshold
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Fig. 2. Measured basebandfLnoise for constant and switched bias condi- H"
tions (HEF4007 NMOS{.witch = 2 MHz, 50% duty cycleVgs_on = 2.5 - Spectrum
V, Vas orr as indicated). ¢ 10:1 Fet probe analyser

Fig. 2 shows the measured noise spectra for NMOS deviddy 3 Phase-noise measurement setup.
in commercially available HEF4007 MOS IC’s. Bearing in

mind that primarily thechangesof the 1/f noise spectral noise in MOSFET's to a superposition of (random telegraph)
density are of interest, an arbitrary reference power |6V§bna|s, produced by many traps with different trapping times
was chosen in defining the vertical scale in this figure. Ther time constants). The memory involved with fLnoise is
upper curve shows the noise spectrum measured with ##sociated with the long occupation time constants of the traps.
MOS devices constantly biased at a gate-source voltageT®fe switching can be thought of as a means to reduce the
25V (Vr = 1.5 V). The remaining curves show the nois&orrelation by interfering with the (de)trapping process, e.g.,
spectrum of the devices, switched periodically between 2.5 forcing a trap to release its captured electron.
and Vas_orr (indicated in the figure) with a 2-MHz, 50%  To allow for experimental freedom in both our baseband and
duty cycle square wave signal. The spectral peaks are cauggglse-noise experiments, we use HEF4007 MOS transistors
by 50 Hz related interference and residuals of the 2 MHgat are produced in rather old CMOS processes. However,
switching signal. the results presented in [4] show that thgfInoise reduc-
Modeling the 50% duty-cycle switching operation as fion effect appears also in submicrometer MOS transistors.
simple modulation action, 6 dB noise reduction is expected ilsing HEF4007 IC’s allowed us to perform measurements on
the 1/ f noise spectrum below the switching frequency. This IIOSFET'’s from five different manufacturers. In all cases, a
because the overall noise power is halved and distributed in #jgnificant anomalous noise reduction was found, ranging from

spectrum around dc and multiples of the switching frequenay.to 8 dB (four to eight times less noise power).
However, the measurements show aaditional anomalous

reduction in the 1f noise spectrum. The amount of noise

reduction is dependent on the gate-source voltage in the off- IIl. PHASE-NOISE MEASUREMENTS
state: the maximum additional reduction appears at minimumFig. 3 shows the experimental setup for the phase-noise
Vas_ orr and is about 8 dB at 1 kHz. measurements on a three-stage ring oscillator, built with

Fig. 2 leads to the remarkable conclusion that the gatdEF4007 IC's. To be able to adjust the off-voltage of the tran-
source voltage supplied to an MOS device in the off-stagéstors during normal operation of the oscillator, the resistors
affects its ¥ f noise in the on-state. This effect was reporte® 5 have been added. By lowering the resistor value, the gain
first in 1991 by the physicists Bloom and Nemirovsky [3]of an inverter is decreased, resulting in a smaller oscillation
who observed it in a weaker form, at a much lower switchingmplitude and thus largérgs_orr values of the transistors.
frequency of 600 Hz. They showed that the noise reduction isTo allow for easy comparison of the phase-noise measure-
maximized if the MOS transistor is cycled from strong inverments with the baseband noise measurements of the previous
sion via weak inversion to accumulation. Our observations aection, the channel width of the NMOS transistor in the
in accordance with their conclusion. Shortly after, their resultkird inverter (connected to nodein Fig. 3) is taken to be
were reconfirmed [4] and related to random telegraph signalsalf that of the other NMOS transistors. In this way, the

The explanation for the anomalougfLnoise reduction has oscillation waveform exhibits maximum asymmetry at node
to be sought in the physics behind fLnoise generation in ¢ as compared to the other nodes, leaving the third inverter
MOSFET's. The ¥f noise is known for its long correlation the dominant contributor to upconversion of f1noise [1],
time [5]. The physical process that is responsible for it hagespective of the oscillation amplitude. This was verified
a “long-term memory” [5]. A process that likely plays aby measurement by successively injecting aAL- 10-kHz
role in the generation of /if noise in MOSFET's is carrier sinusoidal current into nodes, b, and ¢ and measuring the
(de)trapping in localized oxide states. In the literature [6], [7trength by which it reappeared in the sideband of the oscillator
several models of Af noise have appeared that relatéf1 at 10-kHz distance from the carrier. When injected from
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=70 TABLE |
PARAMETERS FORVPp = 3 V (CuRVES 1 AND 2) AND Vpp = 4.5 V (CURVES
! 3-5). THE CurRVE NUMBERS CORRESPOND WITHTHOSE IN FIGS. 4 AND 5

SR N i : o Curve | Rp | fosc | VMAXb | YMINDb
= ‘ ‘ nr. k@] | [MHz] vl Vi
A T 3 i 15 3.02 31 -0.04
=90 b N 2 25 | 327 238 0.62
o 1 3 15 6.17 45 -0.10
& 1 Wy 4 i5 | 703 42 0.22

-100 f-omemeeee 3 B O 5 0.3 7.94 39 0.98

-110

1K 10K
Carricr offsct frequency f,, [Hz] TABLE I
CORRECTION FIGURES DERIVED FROM MEASURED UPCONVERSION
@ AND EFrecTivE Vir (Var,rEr = 1 V). THE CURVE
NumBERS CORRESPOND WITHTHOSE IN FIGS. 4 AND 5
-70
Vpp =45V . Curve | Upcon- | m‘/'m:r o Correction
nr. version Var e’ [dB]
[dB] [dB]

= 1 -33.5 1.5 33.5-1.5=32.0
B 2 -28.0 -0.6 28.0+0.6 =286
=l 3 -39.4 8.4 39.4-8.4=31.0
o 4 -39.7 73 39.7-73=324
5 5 -43.9 6.0 43.9-6.0=379

'“(’IK ‘ 0K by a decrease in/if® phase noise, this trend is apparently

Carricr offsct frequency £, [Hz] consistent with the Af noise reduction measured in baseband.
(b) Fig. 4(b) shows the measured phase noise for biasing at
. . I . Vbp = 4.5 V, while Table | lists the corresponding relevant
Fig. 4. Measured phase noise at differéfiiin 5: (@) Vop =3 V and (b) . DD . 0 . . P 9
Voo = 4.5 V. information (curves 3—- 5). Here, at first sight, the trend does

not seem to be consistent with th¢fLnoise reduction found
in baseband: curve 5 with the highe{;~, (0.98 V) lies

node ¢, the sideband component appeared with roughly 19 between curves 3Wuy,, = —0.10 V) and 4 {u, =
: . g 22 V). However, in the next section, it will be shown that
dB more power (relative to the carrier) than when injecte

from the other nodes. Although upconversion efficiency hgciter correction for upconversion and effective bias, the results

been increased deliberately in this experiment, in prr:lctic"’:lgree well with the 1f noise reduction measured in baseband.
the unavoidable mismatch between the NMOS and PMOS
transistor in each inverter will cause significant upconversion
even in a well-designed oscillator.

To separate the contribution of the N- and PMOS transistorRecently, it has been shown that changes in the waveform
in the third inverter, a comparison of their upconversioasymmetry affect the amount of low-frequency noise that is
was made at different amplitude settings. This was done bpconverted [1]. Also, changes in the effective levels of the
successively inserting a 0.3-mV, 10-kHz sinusoidal voltage gate-source bias voltage directly affect thé¢f1noise of a
the source terminal of the N- and PMOS transistor (positiohdOS transistor. In this section, the influence of these effects
“d” and “e” in Fig. 3). The upconversion by the NMOSwill be examined quantitatively. By correcting the measured
transistor exceeded that of the PMOS transistor by 10 dB jpinase-noise spectra for these influences, an attempt is made
more. to isolate the effect of the /If noise reduction, caused by

As a result of the upconversion comparisons and the fact tipetriodic on—off switching.
the 4007-NMOS devices exhibit strongef fLnoise than the  The measurement of the amount of upconversion is carried
PMOS devices, it can be concluded that the NMOS transistmut by injecting a 10-kHz sinusoidal current with fixed am-
in the third inverter is the dominant source g¢fff phase noise plitude at node- in the running oscillator and measuring the
of the ring oscillator. According to Section Il, the minimunrelative strength of the resulting sideband component at 10-
value of the signal voltage at noddwhich is equivalent to the kHz offset from the carrier. The results obtained are listed in
Vas_orr value of the NMOS transistor in the third inverter) ighe second column of Table II.
thus expected to be important fof L device noise reduction. The corrections on the phase-noise measurements that are

Fig. 4(a) shows the phase-noise spectra for different valuesjuired because of changes in the effective gate-source volt-
of Vmins measured alt’pp = 3 V. Table | lists the cor- age bias are established as follows. As argued before, it is
responding values oR g, the oscillation frequency, and theallowed to focus on the dominant noise contributor: the NMOS
maximum and minimum voltage of the waveform at ndde transistor in the third inverter. This transistor produces its
(curve numbers 1 and 2). As a smallén , is accompanied maximum noise current during the time interval in which

IV. CORRECTION FORUPCONVERSION
EFFICIENCY AND EFFECTIVE BIAS LEVEL
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i V. CONCLUSION

The physical effect of intrinsic /Af device noise reduction

s [3], [4] in periodically switched MOS transistors has been
shown to occur also at high switching frequencied MHZz).
It is shown that this effect results in an 8-dB reduction pfi
phase noise in a CMOS ring oscillator.

The reduction of intrinsic Af noise by periodically switch-
ing MOS transistors is expected to be useful for applications
other than oscillators, as it attackg flnoise at its physical

-80 : roots and can result in a reduction of power consumption as
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Fig. 5. Phase-noise measurement results plus corrections for changes in
upconversion and effective bias level.
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