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Abstract—Switched biasing is proposed as a technique for PSD()
reducing the 1/ f noise in MOSFET'’s. Conventional techniques, .
such as chopping or correlated double sampling, reduce the "~.,’jew Upconversion

biasing technique reduces thel/f noise itself. Whereas noise
reduction techniques generally lead to more power consumption, 3
switched biasing can reduce the power consumption. It exploits an f 15 f Igg(f/f )
intriguing physical effect: Cycling a MOS transistor from strong ¢ osc ref

inversion to accumulation reduces its intrinsicl/ f noise. As the Fig. 1. Thel/f comer frequencyf. of minimum size transistors in newer

.1/f noise I reduce.d at '.ts physical roots, high frequency.cwcu.lts., CMOS processes tends to increase. Upconversion, e.g., in oscillators renders
in which 1/f noise is being upconverted, can also benefit. This is 5154 additional noise at high frequencies.

demonstrated by applying switched biasing in a 0.§:m CMOS
sawtooth oscillator. By periodically switching off the bias currents,

during time intervals that they are not contributing to the circuit  anajog CMOS circuits with similar noise performance than their
operation, a reduction of the1/f noise induced phase noise by bipolar counterparts

more than 8 dB is achieved, while the power consumption is also L . . .
reduced by 30%. P P Circuit techniques like chopping and correlated double sam-

pling reduce the effect that/ f noise has on circuits. In con-
trast, the current paper proposes a technique that tackles the
problem at its physical roots: feduces the intrinsid / f noise

itself. It exploits an intriguing physical effect: Cycling a MOS

|. INTRODUCTION transistor between strong inversion and accumulation reduces

MOS IC’s nowadays contain up to several million tranitS 1/./ noise. Although this effect was reported in 1991 [4],
C sistors, mainly used in digital circuits, but also in analobs]’ it seems to h:_:lve gone _unnotlced to the solid-state circuits
and mixed analog—digital interface circuits. Charge transp&@MMmunity for quite some timeRecently, we showed that the

in electronic devices is fundamentally accompanied by randdtfiiSe reduction effect is relevant for the analysis pf noise
noise. As a result, the signal-to-noise ratio of analog circuitsRduced phase noise in ring oscillators with standard CMOS in-

limited, and bit errors occur in data transmission systems. Veters [6]-[8]: about 8 dB phase noise reduction was attributed

Apart from white thermal noise, MOS transistors are notd? the effect. _ o o
rious for flicker noise ot/ f noise with a power spectral density_ HOWeVer,1// noise problems exist in many other circuits.
PSD(f) inversely proportional to frequengi{— 10 dB/decade). This paper proposes switched blaS|_ng asa technique that_ can
Below al/f comer frequency’, (see Fig. 1), this noise domi- reducel/ f n0|se.|n such cases, whllg S|mqltaneously saving
nates white noise./ f noise is of increasing worry, as minimumpPOWer- The effectiveness of the technique will be demonstrated

size transistors in newer CMOS processes tend to have high$@PPIying it to a sawtooth oscillator [9]-{11] realized in Q8-
1/ f corner frequencies, typically well above 1 MHz. MoreovefMOS process (previous work [6]-[8] was based on discrete

as shown in Fig. 1, the effect af f noise is not limited to low HEFA4007 devices). _ _
frequencies1/f noise is also upconverted to high frequencies 1ne structure of the paper IS as follows. In Section II, the
[1], e.g., in active mixers, VCO's [2], and frequency divider®"oPlem ofl/f noise in MOSFET's is introduced, showing that
[3]. This is one of the important difficulties in implementing"©iS€ reduction by increasing device dimensions comes at the
cost of speed or power consumption. In Section Il existing cir-

cuit design techniques to redutgf noise will be reviewed, to

clarify the difference with the switched biasing technique that
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II. 1/F NoISE INMOSFET's transconductance values of the transistor, resulting in more

MOSFET noise measurements at low frequencies generaﬁ Vver consump_tpn. .
show a spectral density of the input (gate) referred voltage noisén summary, It 1S cor.1cluded. that th_e only practical way to
which is roughly inversely proportional to frequengyand the re_ducel/f noise is by increasing device gate area. However,
MOS gate area - L. this comes at the cost of speed or power consumption.

Although there are probably several different physical mech-
anisms resulting it/ f noise in MOSFET'’s, there are strong in-
dications that traps at the Si—Si@hterface play the mostimpor-  In this section, known circuit techniques fof f noise reduc-
tantrole [12], [13]. Electron trapping and detrapping can lead ton will be reviewed briefly, in order to make a clear distinction
conductance variations. The exact mechanism has been, andiséitiveen these techniques and the switched biasing technique
is, subject to discussion. The two following frequently encourand to be able to evaluate their relative benefits.
tered modeling approaches exist:

1) the carrier-density fluctuation model (number flucA- KeepVps =0

tuations), predicting an input referred noise density 1/f noise relates to conductance variations. Thus, the noise
independent of the gate bias voltage and proportional ¢arrent becomes zero for a MOS operating in the triode region
the square of oxide thickness; at Vps = 0 V. This property is useful in resistive circuits, for

2) the mobility fluctuation model, predicting an input redinstance in current dividers [18] or transconductors [19]. How-

ferred noise voltage increasing with gate bias voltage, asder, if V5 is increased, the/ f noise comes up. Furthermore,
proportional to oxide thickness. almost all transistor circuits require voltage amplification, while

Hung proposed a unified model [13] with a functional forma MOS transistor in the triode region has a maximum “intrinsic
resembling the number fluctuation model at low bias and tiweltage gain” of 1. The vast majority of MOS circuits exploit
mobility fluctuation model at high bias. This model is often useMOS transistors operating in saturation, i¥ps # 0.
as the basis for circuit simulations.

Measurements of devices from many different CMOS prd3. DC Offset and Drift Reduction Techniques

cesses with oxide thickness between 10-80 nm suggest thahc offset and drift are basic problems in analog circuits, and
nMOS transistors behave as predicted by the number fluctugveral techniques have been developed to reduce the resulting
tion model [14]. In the same study, the pMOS devices show@y frequency errors. Examples of such techniques are chopper
lower1/ f noise, which is however bias dependent, as in the mempilization [16], auto-zeroing techniques (correlated double
bility fluctuations model. sampling [16]), dynamic element matching [20], dynamic cur-
Noise measurements of newer deep sub-micron transisteggt mirrors [21] and current copiers [22]. Agf noise at low

render a much less consistent picture. For instance, nMOS trgaquencies is indistinguishable from drift, a reduction of low
sistors also may show bias dependence, while pMOS transistpggjuency1/f noise is also achieved. The reduction factor is
may have al/f noise corner frequency comparable to NMO§pically limited by device mismatch, timing errors and charge
transistors. In ultra thin oxide MOS transistors (e.g., 1.5 NfRjection. All these techniques are limited to use at low frequen-

[15]), new1/f noise mechanisms may even play an importagfes. They do not help to reduce upconvertéd noise.
role, e.g., due to direct tunneling currents.

From a designer's perspective, a pragmatic view is us@: Reduce the Upconversionbff Noise
ally taken, concentrating on the question: given a certain IC
process, what can | do to reduce tihgf noise? The main
controllable parameters are thé and L of the transistor and
its biasing. Obviously, changing the biasing only helps f
transistors showing significant bias dependence (as for
mobility fluctuation model). However, the biasing also affec
many other important circuit performance aspects like trans
function, signal swing, speed, linearity and current efficiencM
Due to t.he many tradeoffs, changing the bias is rarely practicg rthermore, noise on the control input of a controlled oscillator
Increasing the gate aré& L at constant?/L and constant remains a problem.
bias has much less impact on most of the performance aspects
mentioned. The main disadvantage in this case is the incregseppase-Locked Loop (PLL)
in gate-capacitance and resulting speed peraly.lowering

the impedance level, the loss in speed can be compensateilf a PLL the phase of a voltage controlled oscillator (VCO)
Is [o

However, a lower impedance level generally requires higher cked tq the phase of a reference signal by_ means of a phase
etector with feedback loop. If the reference is clean, the PLL
suppresses the phase noise of the VCO by an amount determined
ZAssuming a bias independent input referred PMhich is inversely pro- - by the loop gain [24]. Although this is a very useful commonly
portional tolV”- L - C,,, (instead of tdV’ - L - ', consistent with the number ysed technique, it has its limitations. For frequencies larger than
fluctuation model and [13]), it can be derived that there is a fixed ratio betwe(fﬁ | bandwidth. the ph . fth fectively f
transit frequency’; ~ g../(27C,.) and1/ f corner frequency... Hence, re- N€ 100p bandwidth, the phase noise of the (effectively free run-

ducing . implies reducingf, (there is no design freedom!). ning) VCO still determines the phase noise of PLL. Herg¢,

I1l. EXISTING 1/f NOISE REDUCTION TECHNIQUES

Recently Hajimiri proposed a theory that is useful to quan-
tify the upconversion effect df/ f noise in oscillators [1]. The
oscillator is modeled as a linear time variant system, and an im-
ulse sensitivity function is defined that characterizes the sen-
'ﬁvity to upconversion. Based on this theory, it can be shown
at symmetry in the oscillator waveform helps to minimize the
;5conversion [23]. However, the achievable symmetry is lim-

d especially in cases where complementary devices are used.
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Fig. 2. VaryingVss cycles a MOSFET between strong inversidfsé on)
and accumulation'Wcs_orr) (Vs > Vbs, saT)-

N
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oise power [dB]

Constant Blas
noise can be a problem, especially for applications requiring c ‘ ‘ | /
low loop bandwidth [8]. Within the loop bandwidth, the noise & MM
contribution of the phase detector and the frequency divides ; ‘ by
that is often present between the VCO and phase detector, 10 f--------e--oo-- e ‘ T 11
a source of phase noise contributions that are not attenuated ' ' '
the loop gain [24]. Hence, noise improvements are wanted |
these blocks.

In summary, several circuit techniques have been discuss |
that reduce the effect af/f noise in circuits. Most of them 10 100
are only effective at low frequencies, and do not help to reducc
problems with upconvertedl/ f noise. Minimizing Upconver- gig 3. 1/ noise baseband spectrum of HEF4007 MOSFETS at constant bias
sion by improving waveform symmetry or by using a PLL helpsind switched bias (10 kHz) at 50% duty cycle Téss_oc equal toVir (=1.5
but even then further improvements are desired, e.g., in osti-and 0V (indicated in the figure).
lators, mixers, phase detectors and frequency dividers. We will

now discuss switched biasing as a technique that tacklagghe "€ middie line renders the spectrum s o equal tovr
noise in a very different way. (=1.5 V). The noise power is roughly 6 dB lower. This is what

we can expect for 50% duty cycle, as the switching operation
can be represented as a multiplication of th¢ noise current

IV. SWITCHED BIASING: REDUCE 1/ f NOISE ITSELF with a square-wave signal with 50% duty cycte(t), as fol-
lows:

100000

1000 10000
Frequency [Hz]

A. Cycling between Strong Inversion and Accumulation

In 1991, Bloom and Nemirovsky [4] were the first to resn(t) = %Jr%'sm wswt+% sin 3wswt+% SIN Swawltt- .
port that cycling a MOS transistor between strong inversion and (1)
accumulation reduces its/ f noise observed in strong inver-In the frequency domain this corresponds to a convolution of the
sion. Shortly after, their results were reconfirmed and related®SD of thel/f noise with a spectrum with delta functions at
random telegraph signals [5]. We rediscovered the effect in ridg, wsy, 3wsw, Swsqyw, €1C. The dc-term determines the resulting
oscillator phase noise experiments [8], and seem to be the finsise power in baseband, which(is/2)? (or —6 dB) compared
to exploit its impact on CMOS circuits. to the originall/f noise power.

Fig. 2 illustrates the basic idea of cycling a transistor betweenlndeed 6 dB reduction is observed in Fig. 3 ¥ets_o¢ equal
strong inversion and accumulation for an nMOST (nMOS traie V. However, if we decreas€zs_.¢ belowVy downto 0V,
sistor). A voltage source with a square wave signal switches anomalous noise reduction of 8 dB is found!
the gate-source voltage of the nMOST between two bias valuesThis cannot be explained from modulation theory: The tran-
The high level,Vas_oq, is larger than the threshold voltage, ssistor in the off-state was already contributing negligible noise
that the transistor is biased at a constant voltage in strong WhenVgs-o.¢ was equal to/z. A further reduction inVas_og
version (nMOST is “on”). The low levelVss oz, is equal or is not supposed to have any effect. However, experiments show
lower than the threshold voltage (nMOST is “off”) and is varithat the valud/;s-.# has a strong effect on the noise reduction,
able. Depending oWzs o, the low state of the square wavewhich is maximal wherVs-o¢ corresponds to accumulation
corresponds to biasing in moderate inversion, weak inversion[d}. Measurements on 4007 devices from six different manufac-
finally accumulation (holes in the p-bulk accumulate under thgrers show between 5 and 8-dB maximum noise reduction [25].
gate-oxide). Another issue that is important is the duty-cycle dependence.

Using a new wideband measurement setup exploiting a diffépf course, the dc-term in (1) changes with duty cycle, and so do
ential probe [25], we did noise measurements on commerciallye high frequency components. Correcting for this effect, the
available HEF4007 devices from six different IC manufacturerduty cycle in experiments had no effect on the noise reduction
Fig. 3 shows a typical result obtained for switching at 10 kHap to switching frequencies of 1 MHz [25].
and observing the spectrum from 10 Hz to 100 kHz. The peaks ] o )
in the spectrum result from the switching and from 50 Hz inteP- Switched Biasing Technique
ference. The upper line shows a noise spectrum from 10 Hz—10@With knowledge of thel/f noise reduction effect, the
kHz, which has roughly &/ f decay (actually the slope is someswitched biasing technique can now be defined. Fig. 4 illus-
what smaller than-10 dB/decade). trates the principle of switched biasing and compares it to
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Constant Bias Switched Bias

Ip+inoise

“operational” Ib,sw*inoise,sw

Vbias Vbias “rest-state”

inoise @ inoise sw@ Fig.5. Principle of gradual turn-on of the charge-current for a capacitor in the
: : T : sawtooth oscillator.

lp+ T = lbsw +T ; “operational » The oscillator consists of a ring of identical stages that are
noise noise,sw active only part of the time. Applying switched biasing
“rest-state” seemed attractive, as both power consumption Bhd
time —> time ™ noise could benefit.
Fig. 4. Concept of switched biasing$ > 0). For sake of clarity, a brief review of the operation and charac-

teristics of the oscillator will now be given. Then thgéf noise

L . roblem in this oscillator is discussed, and the implementation
constant biasing. Instead of applying a constant gate-sou $& witched biasing to improve performance
bias, a MOS transistor is periodically switched between two '

states: 1) an “operational state” or “active state” in strong Coupled Sawtooth Oscillator

inversion, in which it contributes to the functional operation ] . .
of a circuit (e.g., delivers a bias current); and 2) a “rest-state” The coupled sawtooth oscillator to be discussed is a control-

or “inactive state” in—or close to—accumulation. In thigable relaxation oscillator based on a new principle [10], [11]
state the MOS transistor is not operational. This rest-statelfi&t allows low phase noise to be achieved in combination with
introduced with the purpose oéducing thel/f noiseof the high control linearity. Compared at equal control linearity and

MOS transistorduring its operational stateFurthermore it POWer dissipation, the phase noise of this type of oscillator is
reduces the power consumption. significantly lower (14 dB) than that of a conventional relax-

For practical purposes an off-voltage &f, = 0 V is pre- ation Qsci!lator. This_ is achieved by usilng an alterpative fpr the
ferred, as the implementation is simply short-circuiting the gagchmnt trigger that is commonly used in a relaxation oscillator
to the source. to periodically reverse the capacitor current each time the capac-

Of course, periodically switching transistors between an OBorvoItage crosses one of the trigger’s two threshold levels. The
erational state and a rest-state is not always possible withf@{S€ pPresent on these decision levels is the dominant contrib-
affecting correct circuit operation. However, some circuits offéffor to phase noise in a conventional relaxation oscillator [17].
this freedom, for example because a bias current is needed oHis is due to the fast decisions taken by the trigger circuit, re-
during certain time intervals or because signal processing is #8tting in nearly ideal sampling of the threshold-level noise. As
taking place continuously. a consequence, over a large bandwidth the threshold-level noise

Oscillators are among these circuits: In many types of oscill- converted into phase noise. In a relaxation oscillator with
tors, the transistors contribute actively to the circuit's operatichSchmitt trigger, high linearity requires a high speed Schmitt
during only a fraction of the period of oscillation. This part-timdrigger [10], [11]. This leads to a tradeoff between linearity and
usage of transistors allows for periodic switch-off during nonofhase noise.

erational phases. In Section V an example of such an oscillatofn the coupled sawtooth oscillator these issues are decoupled
will be described. by gradually turning on a capacitor’s charge curreimstead of

instantly, as happens in the regenerative oscillator.
It consists of a ring of identical stages each of which subse-
quently produces a rising voltage ramp across a capacitor. Its
To enable a quick verification of the ideas presented in Seggnstruction is such that only rising edges of the capacitor volt-
tion IV, an integrated CMOS sawtooth oscillator which was ahges and a reference VOltagBEFl determine the timing (See
ready available [9] is used as an implementation vehicle for thgy. 5).
“switched bias technique.” This oscillator was designed for FM F|g 6 shows the circuit schematic of Stage)f a Coup|ed
demodulation in video-recorders with hifi sound quality. It hasawtooth oscillator consisting of a ring of six stages. The op-
the following properties: eration of the circuit is as follows. Transistdf, supplies the

* Itcombines a high control linearity with low phase noise atharge curreni, that is mirrored to become the tail currdpof
low power (THD < —70 dB for 1.8 MHz center frequency the differential paitV/; ». This differential paigraduallystarts
and-+500 kHz frequency modulation; phase nois@é03 charging the capacitor with, as soon as the capacitor voltage
dBc/Hz @ 10 kHz;P = 1.8 mW). in stage © — 1) reaches the vicinity of the bias levékgr: .

* Its phase noise performance has been improved to the exOf course the capacitors should also be discharged. The
tent that only the noise on the currents that periodicaltyming of the discharge is noncritical, as only rising edges are
charge the oscillator's capacitors remains. For low fretsed to couple the individual stages. Transigthr, whose gate
quenciesl/ f noise dominates the phase noise. is driven by two inverters in series, discharges the capacitor

V. APPLYING SWITCHED BIASING
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instantaneous:
switching

M, dominates 1/f noise on I,

Fig. 6. Circuit schematic of sectionof the coupled sawtooth ring oscillator.

Gradual

during the time that the capacitor voltage in stageH 2) is switching

larger than the inverter’s decision level.

It can be shown [10] that this gradual start-up of the charge
current does not introduce any deterioration of the oscillator's
control linearity, due to the point-symmetrical transfer functioRig. 7. Effective filtering of noisev,, on the threshold leveVrrr, in the
of the differential pairs that are used to implement the gradﬁppled sawtooth oscillator results in a smaller time efxer,., due to gradual

. turn-on compared to the time errdrt,,;, that would appear in a regenerative
turn-on. Moreover, this gradual start-up leads to low phaggiiiator (instantaneous switching).
noise as the noise present on the threshold-Eyg}; is effec-
tively lowpass filtered due to the long start-up time of the ramp 40

— time

—Sitoh )

(in contrast to wideband sampling of noise by instantaneous ) 50 fosc = 1.5MHz
switching in a traditional Schmitt-trigger-based relaxation 8 {}Ot ;%??”A
oscillator). Fig. 7 gives a qualitative time-domain impression of 2 60f bb

this filtering. Also shown in this figure is the time errgt,,;, “&-70F

that would result if a trigger circuit is used to instantly start f,’ ol

a new capacitor voltage ramp. For the same control linearity, § ol

its variance is much larger than the variance of the time error 9 )

At appearing in the sawtooth oscillator. The key point here 8 -1001 -20dB/d~eE:~

is that the long start-up time does not affect control linearity, & -110 . .

while it reduces phase noise. In a relaxation oscillator with a 100 1k 10k 30k
Schmitt trigger, high linearity requires a high-speed Schmitt Carrier offset frequency f,, [Hz]

trigger [10], [11]. . : . . .
Fig. 8. Phase noise [dBc/Hz] of the sawtooth oscillator as a function of carrier
offset: below 2 kHz1/ f noise dominates<{30 dB/dec).

B. Switched Biasing Implementation

As aresult of the filtering of the threshold-level noise, ¢  applying switched biasinig to be explained by a change in the
noise present on the capacitor's charge current now appeargdmsistors’ intrinsic1/f noise
be the dominant contributor to phase noise in the coupled sawin the experiments to be described, an integrated version of
tooth oscillator. At low frequencied,/f noise dominates the the sawtooth oscillator was used with extra bond-outs for capac-
noise performance. This is visible from the30 dB/dec slope itors and bias currents. In the available IC’s, not all transistors
in the phase noise spectrum of the oscillator shown in Fig. 8.that contributel/ f noise to the current, were accessible. In

Thus, it makes sense to further reduceji¢ induced phase order to demonstrate the feasibility of the switched bias tech-
noise of the coupled sawtooth oscillator using the switched biagjue, it is applied to one external current-bias transidtqr
technique. The oscillator’s operation allows the curtgngnd (see Fig. 6) which is available on the same die as the oscil-
thus thel/f noise contributing transistors, to be switched offator circuit. TransistodZ, has a smalWW/L = 4/0.8 such that
when the capacitor in a particular stage is not producing arisiitg 1/ f noise dominates in the currefit Of course this is not
ramp. The easiest way to implement this is to switch off thesgtimal for overalll/ f noise minimization, but the main issue
transistors at the same time as the capacitor is dischargedhéne is to show the feasibility of a technique. To further simplify
this way no change at allwill be noticeable in the capacitor the experimental setup, the switched bias technique was applied
waveformand the oscillator’s timing is not harmed in any wayonly to one stage. In the other stages, external low-noise current
The signal, necessary to switch the transistors, is supplied snurces were used. Note that these simplifications are only made
the oscillator itself. because of limited availability of IC’s. However, they can just

As the capacitor waveforms remain the same, no changeamwell be applied to the other current source devices.
the amount of upconversion @f f noise is expected [1]. Asa The dashed lines in Fig. 6 show the implementation of the
result, any change in the/ f noise-induced phase noise wheswitched biasing in the coupled sawtooth oscillator: transistor
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Fig. 9. Capacitor voltages of the 6-stage coupled sawtooth oscillator and 100 1k

signalsVsy and Vi that are used in stage 1 (see Fig. 6 with= 1) to Carrier offset frequency , [Hz]

respectively discharg€'; and accomplish switched biasing. . . . . .
Fig.11. Phase noise (dBc/Hz) of the sawtooth oscillator as a function of carrier

offset frequency for the constant bias (curve A) and switched bias condition
(curve B): 8 dB reduction is achieved at 100 Hz.

[4;]
o

H
o

is running at a rather low frequencfs. = 120 kHz. As

expected, the application of switched biasing does not visibly

affect the oscillator’'s capacitor waveforms observed with an

oscilloscope. However, a large difference is measured in the

oscillator phase noise shown in Fig. 11: for switched biasing

(curve B) the phase noise at 100 Hz carrier-offset frequency is

about 8 dB lower than for constant biasinfys motivated in the

. previous Section, this reduction is to be explaibgdc change

100 Tk in the transistors’l/f noise Indeed, the amount of reduction
Frequency [Hz] is in compliance with the reduction observed in the baseband

Fig. 10. Measured baseband noise spectra of an nMOSTIjth = 4/0.8 measurements of Fig. 10.

(Vr = 0.7 V) for constant bias (curve A) and switched bias (curvéBic, = The experiment shows that switching off a transistor during

100 kHz, duty-cycle=50%, Vs on = 1.5 V, Vst = 0 V). phases in which it is not actively contributing to the circuit’s

operation helps to reduce itg f noise during active phases. In

M switches off the bias transistdf,, at the same time as tran-addition, thepower consumptiom stage 1 iseducedby more

sistorM5 discharges the capacitor. Fig. 9 shows the gate voltatigan 30%.

Vsw ) of transistorsiz and M5 in stage 1 together with the  Although switched biasing is applied to just one current

resulting gate voltag& ;) of bias transistoi/,. source in this experimental circuit, it can of course just as well

We will now discuss the measurement result obtained for bdile applied to the other current sources. As all oscillator sections
constant bias and switched bias mode, for direct comparisorare identical and contribute to the phase noise equally, the same

reduction in phase noise is expected in that case.

VI. EXPERIMENTAL RESULTS Of course, the same noise performance can be achieved
. . . by using large devices in the current sources. However, with
Before doing phase noise measurements,1thg noise of itched biasi ller devices to obtain the same
the available 0.§; CMOS nMOS transistors were evaluatet?'w.ItC €d biasing we can use sma evl ant
. . . . noise performance and in addition achieve a reduction in power
in baseband, using the switched-bias measurement setup %E)oﬁsumption
posed in [25]. The measured noise spectra for nMOS devices '
with W/L = 4/0.8 are shown in Fig. 10.

Curve A shows thé/ f noise spectrum measured with the de-
vices constantly biased at a gate-source voltage of 1BV In Section VI we showed that switched biasing results in
0.7 V), and curve B shows the noise spectrum of the devicEsver1/f noise-induced phase noise. However, the technique is
switched periodically between 1.5V and 0 V with a 100 kHzot limited to use in oscillators. We will now make some notes
50% duty cycle square-wave signal. Apart from the expected its application perspective.
reduction of 6 dB (see Section IV), the measurements show arFirst of all, the fact that switched biasing tacklesf noise
additional reduction i/ f noise spectral density of about 8 dBat its physical roots is important. The switched bias technique
at low frequencies, which is in the same order of the results reffectively reduces thd/f noise corner frequency, without
ported in [4], [5], [8], and [25] (spectral peaks are due to 50 Hz speed or power dissipation penalty. In contrast, we showed
related interference). that a reduction in power consumption can simultaneously be

The devices characterized above were used to implemechieved.
switched biasing in the current source of the sawtooth oscil-Tackling thel/f noise at its physical roots is essentially dif-
lator, in the way described in the previous section. From tlierent from other techniques. Iti®ttheeffectof thel/f noise
baseband experiment we expect 8 dB phase noise reductibat is reduced, but the/ f noise itself The beneficial effects
Due to limitations of the experimental setup, the oscillataf switched biasing are therefonet limitedto low frequencies,

]
o

PSD [dB] (arbitrary reference)
w
o

_
o

-

o

VII. DISCUSSION ANDAPPLICATION PERSPECTIVE



1000 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 35, NO. 7, JULY 2000

but can also reducé/ f noise problems in high frequency cir-This not only saves power, but alseduces the intrinsid / f
cuits. This raises the question whether high frequency switchingiseof the switched MOSFET’s during active phases. The fea-
is just as effective in reducinty f noise as it is at low switching sibility of the technique was demonstrated in a 6-stage coupled
frequencies. In our experiments so far we demonstrafgd sawtooth oscillator [10] running gft.sc = 120 kHz. Experi-
noise reduction up to switching frequencies of a few MHz. Nments demonstrate the effectiveness of the technique: 8 dB re-
duty-cycle dependence was found after correction for the madliction of thel / f noise induced phase noise is achieved, while
ulation effect (see Section V) [25]. Further experiments atbe power consumption is reduced by more than 30%. The au-
needed to evaluate thg f noise reduction behavior at higherthors believe that switched biasing can be useful in many other
switching frequencies. Of course a high switching frequencyrcuits, especially in cases where upconversiori of noise
comes at the cost of additional dynamic power consumptioogcurs.
and hence a low switching frequency, e.g., roughly equdl to
might be more attractive from a power consumption point of
view, while achieving the same beneficial noise reduction. ACKNOWLEDGMENT
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