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Noise in Relaxation Oscillators

ASAD A. ABIDI anp ROBERT G. MEYER, FELLOW, IEEE

Abstract —The timing jitter in relaxation oscillators is analyzed. This
jitter is described by a single normalized equation whose solution allows
prediction of noise in practical oscillators. The theory is confirmed by
measurements on practical oscillators and is used to develop a prototype
low noise oscillator with a measured jitter of 1.5 ppm rms.

1. INTRODUCTION

OW noise in the output of an oscillator is important in

many applications. The noise produced in the active
and passive components of the oscillator circuit adds ran-
dom perturbations to the amplitude and phase of the
oscillatory waveform at its output. These perturbations
then set a limit on the sensitivity of such systems as
receivers, detectors, and data transmission links whose
performance relies on the precise periodicity of an oscilla-
tion.

A number of papers [1]-[6] were published over the past
several decades in which theories were developed for the
prediction of noise in high-Q LC and crystal oscillators
which are widely used in high-frequency receivers. Noise in
these circuits is filtered into a narrow bandwidth by the
high-Q frequency-selective elements. This fact allows a
relatively simple analysis of the noise in the oscillation, the
results of which show that the signal to noise ratio of the
oscillation varies inversely with Q.

Relaxation oscillators are an important class of oscilla-
tors used in applications such as voltage-controllable
frequency and waveform generation. In contrast to LC
oscillators, they require only one energy storage element,
and rely on the nonlinear characteristics of the circuit
rather than on a frequency-selective element to define an
oscillatory waveform. These circuits have recently become
common because they are easy to fabricate as monolithic
integrated circuits.

Due to their broad-band nature, these oscillators often
suffer from large random fluctuations in the period of their
output waveforms, termed the timing jitter, or simply, jitter
in the oscillator. In an application such as an FM demodu-
lator, the relaxation oscillator in a phase-locked loop will
be limited in its dynamic range, and hence sensitivity, due
to this jitter. There are no systematic studies in the litera-
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ture, however, on either measurements of jitter in relaxa-
tion oscillators, or on an analysis of how noise voltages and
currents in the components of the oscillator randomly
modulate the periodic waveform. Such an analysis was
perhaps discouraged by the nonlinear fashion in which the
oscillator operates, as shall become evident in Section III
below.

Despite this state of affairs, circuits designers have suc-
cessfully used methods based on qualitative reasoning to
reduce the jitter in relaxation oscillators. The purpose of
this study has been to develop an explicit background for
these methods. By analyzing the switching of such oscilla-
tors in the presence of noise, circuit methods are developed
to reduce the timing jitter.

The results of this study have been verified experimen-
tally, and a prototype low jitter oscillator was built with
jitter less than 2 parts per million, nearly an order of
magnitude better than most commonly available circuits.

II. OsciLLATOR TOPOLOGIES AND DEFINITION OF
JITTER

One of the most popular relaxation oscillator circuits is
the emitter-coupled multivibrator [7] with a floating timing
capacitor shown in Fig. 1, which uses bipolar transistors as
the active devices. Transistors Q1 and Q2 alternately switch
on and off, and the timing capacitor C is charged and
discharged via current sources I. Transistors Q3 and Q4
are level shifting emitter followers, and diodes D1 and D2
define the voltage swings at the collectors of 01 and Q2. A
triangle wave is obtained across the capacitor and square
waves at the collectors of Q1 and Q2.

This circuit is sometimes modified for greater stability
against temperature drifts, and other types of active de-
vices are used, but in essence it is always equivalent to Fig.
1. The oscillator operates by sensing the capacitor voltage
and reversing the current through it when this voltage
exceeds a predetermined threshold.

Another common relaxation oscillator is shown in Fig.
2(a), which uses a grounded timing capacitor. The charging
current is reversed by the Schmitt trigger output, whose
two input thresholds determine the peak-to-peak amplitude
of the triangle wave across the capacitor. The block dia-
gram of this circuit is shown in Fig. 2(b). As the ground in
an oscillator is defined only with respect to a load, the
circuit of Fig. 1 is also represented by the block diagram of
Fig. 2(b).
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Fig. 1. Cross-coupled relaxation oscillator with floating timing capaci-

tor.
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(a) Relaxation oscillator with grounded timing capacitor. (b)
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Fig. 2.

The voltage sensor in such oscillators is a bistable circuit.
When the capacitor voltage crosses one of the two trigger
points at its input, the sensor changes state. The sensor has
a vanishingly small gain, while the capacitor voltage is
between these trigger points; but as a trigger point is
approached, the operating points of the active devices in
the sensor change in such a way that it becomes an
amplifier of varying gain. The small-signal gain of the
circuit is determined by an internal positive feedback loop,
and becomes unboundedly large at the trigger point, caus-
ing the sensor to switch regeneratively and change the
direction of the capacitor current.

In contrast to the linear voltage waveform on the capaci-
tor (Fig. 3), the currents in the active devices of the sensor
circuit are quite nonlinear because of this regeneration. The
slope of these currents increases as the trigger point is
approached, as shown in (Fig. 4), so that noise in the
circuit is amplified and randomly modulates the time at
which the circuit switches. Thus, the noisy current of Fig. 5
produces the randomly pulsewidth modulated waveform of
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Fig 5 Actual waveform (including noise) of the current in a switching
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Fig. 6. Output voltage waveform of a relaxation oscillator showing the
effect of noise.

Fig. 6. The timing jitter may be defined in terms of the
mean g, and standard deviation o, of the pulsewidth as

jitter = o, /1, (1)
which is usually expressed in parts per million.

To determine the noise in FM demodulation, it iS more
desirable to know the frequency spectrum of an oscillation
with jitter. However, the problem is more clearly stated,
and solved, in the time domain, and the spectrum of the

jitter should, in principle, be obtainable from a Fourier
transformation.
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I1I1. THE PROCESS OF JITTER PRODUCTION

The switching of a floating capacitor oscillator in the
presence of noise is now analyzed by examining the circuit
of Fig. 7 as it approaches regeneration. The device and
parasitic capacitance are assumed to be negligibly small.
Suppose Q2 conducts a small current I, while Q1 carries
the larger current 2/, — I,. The current flowing through the
timing capacitor produces a negative-going ramp at Vj,
causing an increase in V3;(Q,) and thus in the current
through Q,. A single stationary noise source I, is assumed
to be present in the circuit, as shown in Fig. 7. The
equations describing the circuit are

20, 1,
IS

Vg, = Vrlog, (2)

I,
Ve, = Vrlog, TS

(3)
Ve= (2L, - )R+ VBEz_(Il ~1,)R- Ve,

(4)
ave 1,— 1
a =~ C ()
where V. = kT/q and I is the reverse leakage current at
the base of the transistor.
Substituting (2) and (3) into (4), and applying (5), the
differential equation describing the circuit is

vV, [ dl, Rdl, I1,—-1
0,-14 T 2R) at e <o ©
This may be rewritten as
dr, 1 I,—I, Rdl,
a (ks R
dt Vr N Vy "R C dt
21,1, I

where the right-hand side consists of two terms, one due to
the autonomous dynamics of the circuit and one due to
noise. As I, increases, the denominator of the right-hand
side diminishes until it becomes zero when

V.
11=IRzﬁ

(8)
where [, < I; I, must satisfy this inequality for the circuit
to oscillate. I is defined as the regeneration threshold of the
circuit: upon exceeding it, and in the absence of any device
or stray capacitance, I; would change at an infinite rate
until one of the circuit voltages limits. Accordingly, the
circuit is said to be in the relaxation mode while 0 < I} < I,
and in regeneration when I, <I, <21, (I, may be the
current through either Q1 or 92, depending on the particu-
lar half cycle of oscillation.)

Suppose that at some time ¢ = ¢, the circuit is in relaxa-
tion so that the current I, = I, and that it builds up the
threshold of regeneration I, = I; at time ¢t =¢,. Equation
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Fig. 7 Generalized equivalent circuit of a relaxation oscillator for noise
analysis.

(6) can then be integrated from ¢, to ¢, as follows:

/IR{ VT V.
I, 2I,— I

_T _
+ 7 2R}d11

=ft’2{-lo—g—li}dt—R{In(tz)—fn(lA)}
(9)

so that
IO tzll
Vi = ?(l‘z - 14)_—/; Edt—. R{In(tz)_ln(tf’)} (10)

where V., the left-hand side of (9), is a constant which
depends only on the choice of initial current I, I, and,
from (8), on V, and R.

The influence of the noise current on the instant of
switching is now evident from (10): random fluctuations in
the value of I,(7,) must induce corresponding fluctuations
in ¢, so that the sum of the terms on the right-hand side of
(10) remains equal to the constant ¥,. More precisely, if
t,=0 and 7, = T (the half-period of the oscillation), then

1,(1)

F(I,,(T),T)‘ﬁf%T—/()TTdt—R{In(T)—I,,(o)}

= constant (11)
and thus
_9F IF (L, T) o
0F = 3In 7-81"(T)+ —aT—"@T— 0 (12)
which implies
I, L(T) _
—RSIn(T)+{?— e }ST—O (13)
so that
R
8T = —————— 081 ,(T). (14)
{ 1, — L(T) }
C
By definition, I,(T") = I so
8T = —1,(T). (15)
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Fig. 8. Graphical interpretation of (19).

The main result of this paper lies in interpreting this
equation as follows: the variation in switching times 87 is
equal to the variation in the times of first intersection of a
ramp (1, — Iz /C)T with the noise waveform RI,(T'), as
shown in Fig. 8. Note that the x axis in this figure is T, and
not “real” time ¢. Thus, while the current waveform is
nonlinear, as in Fig. 5, and while the time 7, at which it
starts to regenerate is given by the integral equation (10),
variations in T appear as if they were produced by the first
crossing of a noisy threshold by a linear ramp.

The statistics of T are contained in (10) in terms of the
distribution of I,(¢). This is the well-known equation for
the first-crossings’ distribution of a deterministic waveform
with noise [8] and does not have a convenient closed form
solution,

Nevertheless, a useful empirical result has been obtained
for the distribution of T which allows the jitter in relaxa-
tion oscillators to be predicted quite accurately. This result
is based on the following observations.

1) The linearized equation (15) describes completely the
deviations in T, therefore, it contains information on the
statistics of 7.

2) It is plausible that the jitter will be directly propor-
tional to the rms noise current for a fixed slope of the
timing waveform.

3) If the dominant noise power in the oscillator lies at
high frequencies, it acts to reduce the mean period of
oscillation. This is evident from Fig. 8, where the ramp will
almost always cross a positive-going peak of the noise.

4) If low-frequency noise is dominant, the resulting jitter
will be greater than it would be if the same noise power
were concentrated at higher frequencies. Again, Fig. 8
shows this, because if noise varies slowly compared to the
ramp rate, the first-crossing will occur both above and
below the x axis.

These observations can be quantitatively summarized as

o(8T)=o(T) = aIOR—CIRo(I")

(16)

where ¢ denotes the standard deviation of its argument and
a is a constant of proportionality which by 1) and 2) above
depends on whether the noise power is contained at high or
at low frequencies. Eqliation (15) changes to (16) in going
from the variation in 7 in one switching event to the
standard deviation of an ensemble of such events.
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Fig. 9. Measured values of parameter « versus normalized noise band-
width wy

The constant « varies with the relative slope of the ramp
to the rms slope of the noise. For white noise which has
been low-pass filtered, the rms slope can be defined rela-
tive to the ramp rate by w,, where

- def 2 X rms noise voltage X noise bandwidth
N voltage ramp rate

(17)

and where the rms noise voltage is responsible for modulat-
ing the first-crossing instant of the voltage ramp of Fig. 8.

The dependence of a on wy for low-pass filtered white
noise is shown in Fig. 9. It was obtained from measure-
ments on different oscillator circuits, and at varying noise
levels, as described in Section V of this paper. This depen-
dence should be the same for white noise in any relaxation
oscillator. For wy <1, a approaches unity, as 4) above
suggests, because the deviation in oscillator period faith-
fully follows the meanderings of the noise waveform. For
wy > 1, a is asymptotic to about 0.5 because only the
positive peaks of noise determine the first-crossing, in
accordance with 3).

If the effect of all the noise sources in an oscillator is
represented by the single source ,, then using the ap-
propriate a, the jitter in its output can be predicted by (16).
For example, in Fig. 7 devices Q1 and Q2, while
forward-biased, act as voltage followers for the various
noise voltage sources in the circuit, so that 7, is the rms
sum of these noise voltages divided by the node resistance
at the collector. This is true for all noise sources except the
noise current flowing through the timing capacitor which is
integrated into a voltage by the capacitor. As shown in
Appendix 1, its contribution to the jitter is usually negligi-
ble.

INTERPRETATION AND GENERALIZATION OF
REsSULTS

Iv.

We emphasize that the linear result of (16), which de-
scribes the variations in the nonlinear waveform of Fig. 5,
is not merely an outcome of an incremental analysis of the
problem, which would go as follows. As the loop ap-
proaches regeneration, the dc incremental gain increases
and the small signal bandwidth due to the device and
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Fig. 10. Representation of noise in the relaxation oscillator by an
equivalent input generator V.

parasitic capacitance decreases in inverse proportion, so
that the incremental gain is infinite and the bandwidth zero
at the onset of regeneration. Having entered the regenera-
tion regime, the effect of the capacitance is to limit the
maximum rate of change of the circuit waveforms. Think-
ing in terms of signal-to-noise ratio, the incremental device
current is the signal which must compete with the ampli-
fied noise in the circuit to determine the time of switching.
From the considerations of gain and bandwidth above, the
rms value of white noise would become infinite at the
regeneration threshold, so reducing the “signal”-to-noise
ratio to zero. This implies infinite jitter, which is obviously
not the case in reality. Such an approach demonstrates the
inadequacy of thinking of this problem in terms of small
signals.

A complete, large scale analysis shows that jitter produc-
tion is better understood by thinking of the oscillator as the
simplified threshold circuit of Fig. 10. The equivalent noise
at the input of the circuit adds to the linear voltage
waveform on the timing capacitor to produce an uncer-
tainty in the time of regeneration. It is important to realize
that Fig. 10 represents the oscillator only for an incremen-
tally small time before the onset of regeneration.

This result is independent of the type of the oscillator
circuit, and of the nature of the active devices used in it.

V(1)

1

o(8T)=aX {mean value of{

The analysis of the grounded capacitor oscillator in Ap-
pendix II, and further generalizations given elsewhere [10]
show that the jitter in any relaxation oscillator is given by
the following expression:

rms noise voltage in series with timing waveform
slope of waveform at triggering point

jitter =

(18)

X a constant,

V. EXPERIMENTAL RESULTS

To verify the formulas for phase jitter developed above,
and also to develop low noise oscillator circuits, it is
necessary to be able to measure jitter with a resolution of
about 1 ppm. This entails obtaining the distribution of
pulsewidths from an accurate pulsewidth meter while the
oscillator runs at a low frequency; the jitter is then
the standard deviation of this distribution. However, the
short-term thermal drift of the oscillation frequency can
overwhelm the variations in cycle-to-cycle jitter, making
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Fig. 11. Capacitor voltage waveform in a relaxation oscillator.

the measurement of the latter very difficult. By placing the
oscillator in a phase-locked loop with a crystal-derived
reference frequency, and by designing the loop filter with a
cutoff well below the oscillation frequency, the thermal
drift can be compensated, while the cycle-to-cycle jitter
produced by noise frequencies above this cutoff remains
unaffected. Appropriate precautions must be taken against
fluctuations in the power supply, and against ground loop
noise.

The effect of a noise voltage V), over a complete cycle of
oscillation is shown in Fig. 11, where the timing capacitor
waveform is assumed to be asymmetrical for generality. As
the device current /; in Fig. 7 always equals I, at switch-
ing, the limits of the capacitor voltage have to fluctuate in
response to the noise. Therefore, as the capacitor voltage is
a continuous waveform, the fluctuations at times #;, ¢,, and
t, all contribute to 7. Thus,

V.(e)) V() V() V()
8 —_ n + n Z n n

T s, s, + s, + s, (19)

The standard deviation of the random variable 87 is

1/2
1 1\ VA(ty)

+ V2 (1, (——+——)+—’i—i 20
(72) S8, 822 (20)

where V,(1,). V,(t,), and V,(1;) are statistically indepen-
dent values of the noise voltage V,(¢), and « is the constant
of proportionality defined in (16). When S;=S,=S in
magnitude,

v, (rms)

o(8T) = a/6 g

(21)
where o(87) is the jitter.

Measurements were made by dominating the oscillator’s
internal noise sources by an externally injected low-pass
filtered white noise current. Two different oscillator cir-
cuits, described below, were used to obtain the experimen-
tal data. Histograms for the distributions of pulsewidths
for injected noise with w, = 0.2 and 1000 are shown in Fig.
12, where this range of w, was obtained by adjusting both
the power and bandwidth of the injected noise. These
histograms are unimodal and approximately symmetric,
and they fit the normalized Gaussian function to within
experimental error. Such experiments were also used to
obtain the curve of « versus w, of Fig. 9, with the jitter
defined as the standard deviation of these histograms,
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Fig. 12. Measured distributions of time jitter per cycle in the AD537
oscillator with (a) wy =1000 and (b) wy = 0.2; fractional number of
samples of single pulses versus their pulse widths.

To verify the general result of (18), the following experi-
ments were performed:

1) For a fixed injected rms noise, the jitter was measured
as a function of the period of oscillation; the results are
shown in Fig. 13.

2) For a fixed period of oscillation, the jitter was mea-
sured for a varying rms input noise; the results are plotted
in Fig. 14,

The straight line fit of the data confirmed (18). In both
1) and 2), the range of the independent variable was
restricted such that wy > 1, thus ensuring that a was at its
lower asymptotic value of 0.48, so that variations in a did
not confound the measurements. The data of Fig. 13 were
obtained from the AD 537 [9] floating capacitor oscillator,
with a noise voltage applied in series with the voltage
reference; Fig. 14 was obtained from measurements on a
discrete component grounded capacitor oscillator [10], with
a noise current injected into the Schmitt trigger. The reduc-
tion in mean period of oscillation predicted by 3) in
Section I1I was also observed.

The most important application of this theory is in
determining the jitter due to the inherent noise sources in
an oscillator circuit. However, it is essential to know the
bandwidth that applies to these noise sources in determin-
ing their total noise power. The small-signal bandwidth
changes with the approach to the regeneration threshold
when the circuit starts to behave like an integrator, as
discussed in Section IV. While a detailed analysis of this is
beyond the scope of this paper, the situation can be
examined qualitatively. Consider the circuit described by
(7) in the relaxation regime, and with all devices in the
active region, when, say, I; = 0.1 X I. If the spectrum of
the superposition of all the noise sources on I; is consid-
ered as the “output” noise variable, the noise bandwidth of
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Fig. 13. Measured jitter per cycle versus oscillator period with noise
injected into the ADS37.
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Fig. 14. Measured jitter per cycle versus injected noise amplitude in a
grounded capacitor oscillator.

the circuit can be defined as the 3 dB down frequency of
this spectrum. The equivalent input noise source of Fig, 10
is then this superposed noise in I; referred to a voltage
source in series with the capacitor.

As I, approaches Iy, the circuit acts more like an in-
tegrator, so that fluctuations in the switching instant 7" are
proportional to the fluctuations in the initial conditions of
the integrator. The latter are simply produced by the noise
in the circuit when the approach towards regeneration is
started, which may roughly be defined as the time when
I =01XI.

The spectral density of some of the noise sources in the
circuit will depend on I;, but usually they make a small
contribution to the total noise, and their value at 0.1 X I is
a good approximation.

The noise bandwidth of the oscillator can be measured
experimentally in two ways. The first relies on the availa-
bility of a white noise source with an adjustable output
filter whose cutoff extends beyond the bandwidth to be
measured. In response to a constant injected noise power,
with the filter cutoff being progressively increased, the
jitter will drop by 3 dB at the noise bandwidth of the
oscillator. Alternatively, if the noise source has a fixed
cutoff frequency, it can be used to modulate the amplitude
of a carrier frequency, which is then injected into the
oscillator. The random modulation will produce jitter, and
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as the carrier frequency is increased, the jitter will reduce
by 3 dB at the noise bandwidth. This relies on the fact that
while the jitter is determined by the amplitude fluctuations
(Fig. 8), the frequency components of the injected noise are
concentrated around the carrier frequency, and increase
with it.

As an example, the inherent jitter of the AD 537 VCO
can be predicted. The noise bandwidth was measured to be
16 MHz using the second method described above. This 16
MHz value gives a fair agreement with SPICE noise simu-
lations of the circuit biased at I; = 0.1 X I, despite the fact
that the exact values of the device capacitances were not
available. The noise spectral density was simulated to be
1.3x 1078 V/yHz using SPICE, and was primarily due to
the current sources and the base resistances of the level
shift and switching transistors. Thus,

V. =1.3x10"¥ XV16 X 10% = 52 uV rms

At an oscillation frequency of 1 kHz, the slope of the
timing capacitor ramp was 2.6 X10° V /s, giving w, = 2.01
and thus & = 0.8 from Fig. 9. The predicted jitter is

52%10°°
T)=v6 X0.8X ———
o(T) =6 2.6%x10°
=39 ns
=39 ppm.

The measured jitter from several samples had a mean value
of 35 ppm, an excellent agreement in view of the ap-
proximate values of the active device noise models.

VI. A Low JITTER OSCILLATOR CIRCUIT

Many applications require even lower values of jitter
than that of the AD 537 which is one of the lowest jitter
monolithic VCO’s widely available. The theory developed
in this paper allows oscillators to be designed to a specified
noise performance; as an example, a circuit with 1 ppm
jitter was designed.

In the block diagram of Fig, 10, suppose that the timing
voltage on the capacitor is a triangle wave with a peak-to-
peak value V and period T. The slope of the ramp is

S=2V/T (22)
so the fractional jitter is
a6 ¥,
=57 (23)

where V), is the rms noise voltage. Thus, to obtain a small
Jitter, it is necessary to reduce V), and increase V within the
constraints of the circuit. ¥ is limited by the power supply
of the circuit, and ¥, depends on both the characteristics of
the active devices and the circuit topology. In the AD 537
topology (Fig. 15), for example, many devices additively
contribute to the total noise in series with the timing
capacitor because the functions of regeneration and
threshold voltage detection are combined into one circuit.
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In the grounded capacitor circuit [Fig. 2(a)], however, the
current switch is separate from the regenerative Schmitt
trigger; their noise contributions can thus be minimized
independently.

Fig. 16 shows a variation of this topology where the
Schmitt trigger is driven by fast pulses produced by high
gain comparators following the timing capacitor. The result
(18) shows that the contribution of the noise in the Schmitt
trigger to the total jitter is inversely proportional to the
slope of the waveform which drives it, and so is very small.
Instead, the input noise of the comparators, which are
driven by a slow ramp, determines the jitter. This scheme
was used because very low input noise comparators are
easily available, although there is no fundamental reason
why a Schmitt trigger of comparable noise could not be
designed. The complete schematic of the discrete compo-
nent oscillator circuit is shown in Fig. 17. The differential
comparators have a gain of 100 and an equivalent input
noise of 6.3 uV rms over a noise bandwidth of 75 kHz.
Using +6 V power supplies, the timing capacitor wave-
form was 8.8 V peak-to-peak, so (23) predicted the jitter to
be 0.9 ppm rms. At an oscillation frequency of 1 kHz, the
cycle-to-cycle jitter was measured to be 1.5 ppm rms; the
additional jitter probably came from inadequate decou-
pling in the circuit.

An oscillator working from a single 5 V power supply
with a jitter of about 1 ppm would be desirable in many
systems applications. Such a circuit has been developed
[12] on the basis of the results above, and the jitter mea-
sured to be less than 1 ppm at a 1 kHz oscillation frequency.

VII. CoNCLUSIONS

Noise in relaxation oscillators can be described by a
single normalized equation, which allows the jitter in any
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such oscillator to be predicted. The importance of this
equation is that it linearizes the nonlinear regenerative
waveforms in the oscillator. Further, it suggests those cir-
cuit topologies which promise low jitter, as demonstrated
by an experimental prototype, whose jitter was measured
to be 1.5 ppm at 1 kHz.

APPENDIX 1

Effect of Noise Current Through the Timing Capacitor

In the schematics of Fig. 1 and Fig. 2 it can be seen that
noise in the current sources appears directly in series the
timing capacitor. In practice, these current sources are
almost always active sources whose noise can be repre-
sented by a band-limited output noise current generator
I (). The capacitor then acts as a low-pass filter and the
contribution ¥, from I, to the equivalent input noise
voltage V), of the oscillator (see Fig. 10) is

1 pe
Vet) = [Tl (A1)
where 7, is the time during which I, charges C. If I, is
subject to a single-pole frequency roll off with bandwidth
B and flat spectral density S,.(f), then it can be shown
that [11]

(A2)

(Vo) (mms) = 55,7 X,

where it is assumed that ¢, >1/B.

The rms ncise contribution in ¥, due to I, as given in
(A2) can be compared with the contribution V,, from 7, at
the collector

(V,n)(rms) = (1, )(rms) R.

The relative importance of these two terms is now ex-

llH i

“Vee
Fig. 18. Grounded capacitor oscillator’s Schmitt trigger using MOS
transistors.

amined. Taking some typical values, if 1 mA current

sources produce the shot noise,
S,.(f)=32x10"2A’/Hz

and if 1,=1 ms and C = 0.5 pF, then from (A2)
(V,.)(rms) =1.1X1076 V.

In comparison, when I, is the shot noise in 1 mA of dc
current, and it is band-limited to 16 MHz by the circuit
capacitances, then R = 500 2 gives

(¥,,)(rms) =v3.2x10"2 x 16 X105 X 500
=36X107° V.
<V

Thus V, ., <V,,, and the difference is even larger when
additional contributions to V,,, are considered.

APPENDIX 11

Noise in an MOS Grounded Capacitor Oscillator

A simplified circuit of a grounded capacitor oscillator
consisting of only the timing capacitor and the Schmitt
trigger is shown in Fig. 18, where the latter uses MOS
active devices with square law characteristics. The current 1
through device M1 is driven by the capacitor voltage and
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makes the Schmitt trigger approach its regeneration
threshold. The noise in the circuit is represented by the
equivalent source V,, and adds to the timing capacitor
ramp in the manner of Fig. 10; it could equally well have
been represented as a mnoise current source within the
Schmitt circuit.

The circuit equations are as follows:

I, I1\2
%+Vn=VGsl+VS=VT+(E) +V; (Bl
I,— 1\?
0
A(VDD~IR1)=VGSZ+VS=VT+( B ) + V.
(B2)

Subtracting (B2) from (B1)

Iyt
—0—-+Vn—}\VDD+}\IR1=(

: (25 o

ol ~

and differentiating (B3),

I, dv, a1 [(B\V? B\ dl
c” dT”‘Rl‘cz?‘ﬁ{(z) \n-1) @
(B4)
rewriting which
I, dv,
dI cta
== . (B5)

dt %ﬁ{(g)l/2+(10—[ii)l/2}—}\jel

The regeneration threshold I, =1/48X?R# is the current at
which the denominator of the right-hand side becomes
zero. If this happens at ¢ =T relative to some time =0,
then integrating (B5) from 0 to T gives
1,T

Ve =-¢ +{V(T)-7,(0))
where Vi is a constant voltage, depending only on the
circuit parameters. This is exactly the same equation as
(10), and gives the same result for jitter as (16).

(B6)
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