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Noise Analysis of a Continuous-Time
Auto-Zeroed Amplifier

Ivars G. Finvers, James W. Haslett, Senior Member, IEEE, and F. N. Trofimenkoff, Senior Member, IEEE

Abstract— The effect of auto-zeroing on the internal noise
of a continuous-time auto-zeroed amplifier is analyzed and a
set of empirical expressions are developed which predict the
important aspects of its noise shaping behavior. The dependence
of the output noise power spectral density on the auxiliary
signal path gain, nulling amplifier bandwidth, and auto-zeroing
clock frequency are all demonstrated. The results are confirmed
experimentally.

1. INTRODUCTION

UTO-ZEROED AMPLIFIERS are used primarily in in-

strumentation applications that require the precise mea-
surements of slowly varying signals. In such applications the
accuracy with which measurements can be made depends on
both the input offset voltage and the low frequency noise
power spectral density (PSD). The auto-zeroing technique is
an attractive means of building a precision amplifier since it
allows the construction of an amplifier with low input offset
voltage in a standard CMOS fabrication process without the
need for precision components or trimming [1]-[3]. An auto-
zeroed amplifier suitable for continuous-time applications is
shown in Fig. 1.

The same sampling and subtraction process used by an auto-
zeroed amplifier to reduce its input offset voltage also modifies
the shape of the amplifier’s output noise PSD. Our research
has shown that, as demonstrated in Fig. 2, the shape of the
low frequency noise PSD of an auto-zeroed amplifier depends
strongly upon the bandwidth of the nulling amplifier. When
the nulling amplifier bandwidth is similar to or greater than the
auto-zeroing clock frequency, the output noise PSD plateaus
at low frequency and the level of the plateau increases with
decreasing clock frequency. On the other hand, if the nulling

amplifier bandwidth is much less than the clock frequency, the

PSD shows a humped shape at low frequencies which is largely
independent of clock rate. In both cases the low frequency
noise PSD level is less than the level that would be present
if no auto-zeroing had been applied to the main amplifier.
This paper describes a set of empirically derived expressions
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Fig. 1. Continuous-time auto-zeroed amplifier.
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Fig. 2. Measured noise PSD of an auto-zeroed amplifier which shows
variation of low frequency noise with nulling amplifier bandwidth. The
auto-zeroing clock frequency is 1000 Hz. Markers indicate measured data.

which model the noise shaping characteristics of a continuous-
time auto-zeroed amplifier. These expressions allow the circuit
designer to obtain insight into how the amplifier’s parameters
influence its noise PSD.

Two classes of auto-zeroed amplifiers exist: discrete-time
and continuous-time. Discrete-time auto-zeroed amplifiers
process the signal on one clock phase and zero their offset
during the other clock phase. Since the amplifier must be
removed from the signal path periodically, discrete-time
amplifiers are best suited to applications such as switched
capacitor circuits. The continuous-time auto-zeroed amplifier,
which is shown in Fig. 1, is more complex as it requires
two amplifiers. During one clock phase the nulling amplifier
zeroes its own offset voltage and then on the next:clock
phase it zeros the main amplifier offset voltage. The main

1057-7130/96805.00 © 1996 IEEE
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amplifier always remains in the signal path and processes
the input signal continuously. The effective offset voltage of
the overall amplifier, after auto-zeroing, can be shown to be
approximately

: V;)s,m(am/an)
Aon

Vos,n
!
Aon

Vos,eﬂ >~ (1)
where Vi, and Vg, are the inherent offset voltages. of
the main and nulling amplifiers, respectively, a,, and «,
are the ratio of the primary and auxiliary path open loop
gains of main and nulling amplifiers, respectively, (these are
discussed in more detail in Section II), and A’ is the open
loop gain from the auxiliary input of the nulling amplifier to
its output. Second-order effects have been neglected in (1); a
more detailed analysis can be found in [4] and [5].

Since offset voltage is no: different than very low frequency
noise, it is expected that the low frequency noise of the auto-
zeroed amplifier should also be reduced. The auto-zeroing
process bears a strong similarity to the correlated double
sampling (CDS) process originally developed to reduce reset
noise in CCD’s [6]. The noise performance of CDS circuits
has been treated extensively in. the literature [6]-[9] while
the noise analysis of the discrete-time auto-zeroed amplifier
has been carried out by Enz [10]. Discrete-time auto-zeroed
amplifiers are used primarily in switched capacitor circuits
and therefore the rate of auto-zeroing is very fast-—at the
- same clock rate as the switched capacitor network—requiring
that the amplifier have a wide bandwidth. The rate of auto-
zeroing ina continuous-time auto-zeroed amplifier is much
lower and consequently the bandwidth of the nulling amplifier
is typically very low. The difference in the nulling amplifier
bandwidth between a discrete and continuous-time auto-zeroed
amplifier has a significant effect on the noise analysis. A
complete noise analysis of the continuous-time auto-zeroed
amplifier which includes such effects as the variation of
the low frequency noise PSD shape with nulling amplifier
bandwidth as demonstrated in Fig. 2 is not available in the
published literature. This paper provides such an analysis.

In analyzing the noise performance of the auto-zeroed
amplifier, the time-varying nature of the circuit must be
considered. At first glance it may seem that the circuit could be
analyzed in a straightforward fashion with Z-transforms using
the same methods as are used for switched-capacitor circuits.
This is not the case since the bandwidth of the nulling amplifier
is potentially below the sampling frequency. Low bandwidth
implies that the hold capacitors may not fully charge or
discharge within one switching interval. As noted by Liou
[11] for the case of switched capacitor circuits with nonideal
operational amplifiers, the circuit behavior must be modeled
using differential equations. The periodically switched nature
of the circuit simplifies the analysis allowing general closed
form solutions of the network’s frequency response to be
obtained. These were obtained first by Liou [12] for a cisoidal
input (of the form Ae™?) and then by Strom and Signell [13]
for an arbitrary input. ; ‘

Although closed form solutions for the frequency response
of a periodically switched network can be obtained using the
methods of Strom and Signell, the results are in general very

Primary Input

Fig. 3. Four port amplifier.

complicated in analytical form and are tractable for only the
simplest circuits. Therefore, to analyze the noise performance
of the continuous-time auto-zeroed amplifier we first applied
the analytical techniques developed by Strom: and Signell to
a simplified model of the amplifier. The resulting equations
were ‘then solved numerically to obtain a simulation -of the
noise performance of the amplifier.

Noise simulations however only provide a medns of check-
ing the performance of an amplifier after it has been designed.
What is more useful to a designer during the initial de-
sign process are analytical expressions which relate amplifier
parameters ‘to noise behavior. In Section Il we present a
set of empirical expressions. which describe the important
characteristics of the noise transfer functions. A brief discus-
sion of the development and origin of these expressions is
provided. Before the noise transfer functions can be discussed
it-is necessary to provide models for both the auto-zeroed
amplifier and the noise sources. This is done in Section II. The
correctness of the noise simulations and empirical expressions
is verified against experimental data in Section 1V, which also
includes a discussion of the results and their implications for
amplifier design.

1. MODELS

For this analysis the simplified model of the auto-zeroed
amplifier shown in Fig. 1 is used. The switches are controlled
by & two-phase nonoverlapping clock. The main and nulling
amplifiers: are four port amplifiers with both a primary input
and an auxiliary input as.defined in Fig. 3. The auxiliary input
is used to apply the offset correction signal to each amplifier.
To minimize the offset voltage, the nulling and main amplifiers

~are usually designed to be identical [5] except that the main

amplifier has an additional output stage to provide load drive
capability. This assumption simplifies the analysis somewhat.

The -output voltage of each of the amplifiers (Fig. 3) can
be expressed as '

Vils) = (Vi Vi /o + Vau) A(s) @

where V; and V; are the input voltages that are applied to
the primary and auxiliary inputs, respectively, and V.4 is

“the offset voltage of the amplifier referred to its primary

input. Throughout this paper primed symbols are used to
denote parameters belonging to the auxiliary input, whereas
the subscript modifiers m and n denote parameters belonging
to the main and nulling amplifiers, respectively. Both the mdin
and nulling amplifiers are designed to be dominant pole, so that
the gain from the primary input of each amplifier to its output
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can be modeled as

Vi_ A

Als) = Vi 1+s/wg ®
where A, is the dc open loop gain and w, is the dominant pole.
The high frequency poles of the amplifier are not important
in this investigation and are therefore neglected. The auxiliary
input usually has the same poles as the primary input but
will have a different open loop dc gain A’. This assumption
is valid for most implementations in which the auxiliary and
primary input signals are combined within the first stage of
the amplifier, a common practice. Defining the ratio of the
open loop dc gains between the primary and auxiliary inputs
as o = A, /AL, the open loop gain from the auxiliary input of
each amplifier to its output will be

-l A0 @

A/(S) = Vz’ = o

A. Noise Model

To keep the analysis tractable only a system level noise
analysis of the auto-zeroed amplifier is performed. The main
and nulling amplifiers are each represented by a simplified
small signal equivalent circuit along with an equivalent input
referred noise source. The device level calculation of the
equivalent input noise source for each amplifier has been
treated extensively elsewhere [15], [16] and will not be con-
sidered here.

Each amplifier is modeled as a'4-port network. In general, a
noisy linear N-port network can be replaced by a noiseless V-
port network along with a noise source at each port [17]. The
noise sources can be either a voltage source in series with each
port, a current source shunting each port, or some combination
of voltage and current sources.

Since auto-zeroed amplifiers are typically constructed in
CMOS technology, we choose a noise model based on voltage
sources, as shown. in Fig. 4(a). It is generally accepted [18],
[15], [16] that MOSFET low frequency noise can be repre-
sented by an equivalent input referred noise voltage source
connected in series with the gate terminal. A factor which
further simplifies the development of the noise model is the
very high input impedance of the MOSFET gate terminal. Each
of the amplifier input terminals is connected to the gate of a
MOSFET. The high input impedance of the gate ensures that
the noise contributions of the amplifier’s internal transistors
are independent of the impedance of the input signal sources.
(At high frequencies the isolation of the internal transistors
from the influence of the source impedance will weaken due
to coupling through the gate capacitance, but our interest
lies primarily in low frequency noise performance where the
assumption of isolation is reasonable.) -

Assuming that the contribution at low frequencies of the
four noise sources in Fig. 4(a) to the output noise" is inde-
pendent of input source impedance, a simpler noise model
consisting of only a single input referred noise source can be
used, as shown in Fig. 4(b). The single noise source model
is also commonly used for the standard 3-port MOS amplifier
[15], [16]. ’
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(b)
(a) General noise model for a four port amplifier. (b) Simplified

Fig. 4.
model.
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Fig. 5. Small signal model used for noise analysis.

B. Small Signal Model

To keep the analysis tractable, the simplified small signal
model shown in Fig, 5 is used for the auto-zeroed amplifier.

From the small signal model, the important amplifier pa-
rameters that will be used in later discussions can be derived.
The open loop gains of the primary and auxiliary inputs for
both the main and nulling amplifier are

UO m
Agn = —v-? =G1RIG3R, (&)
A = U?’m = G231G3Rz ‘ 6)
Vom
’Uo’n
Ay, = vf’ = GsR3 3)
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III. NOISE ANALYSIS

It-can be shown that the frequency domain response of
a linear periodically switched network to an arbitrary input
signal is of the form [13]

> (PSS

T=—00

~  fene) (1)

where S and Y are the Fourier transforms of the input and
output signals, and fy, is the switching frequency. Equation
(11) shows that the output frequency response of a periodically
switched network contains weighted and frequency translated
images of the input signal. Tj represents the transfer function
of the network for the baseband input signal, while T ;o
are the transfer functions for the frequency translated images
that result from the switching action. The determination of
the output response potentially requires the summation of
an infinite number of image components. However, in most
practical cases bandwidth limitations within the circuit limit
the number of nonnegligible 7,’s to a finite and summable
number.

Although Strom and Signell [13] showed that is is poss1ble
to obtain a closed form solution for the transfer functions T,
in practice symbolic solutions are unmanageable for all but
the simplest circuits: Therefore we analyzed the noise shaping
characteristics of the continuous-time auto-zeroed amplifier by
applying Strom and Signell’s methods to the state equations
which describe the amplifier in each of its two switching

“states and then solving the resultant equations numerically.
This approach has the advantage over using a general purpose
simulator such as SPICE in that the amplifier noise PSD’s
are calculated directly. Numerical solutions are however of
limited usefulness since they are valid only for a specific set
of amplifier parameters. To obtain a more general result we
have devised-a set of empirical equations from the numerical
results which describe the key aspects of the amplifier noise
transfer characteristics: These equations help the designer to
understand how changes in amplifier parameters will impact
noise performance. :

Since the details of the numerical solutions are not of great
importance to this discussion they are omitted. The interested
reader is referred to [5] for the complete details.

In this analysis the contributions to the total noise appearing
at the output of the main amplifier due to the input referred
noise voltage sources of both the main (e,,) and nulling (e,,)
amplifiers are calculated. Since the auto-zeroed amplifier must
operate in a closed loop configuration, the noise analysis is
performed with the amplifier configured with a feedback factor
of 1/8.

The equations which follow have been derived empirically.
In general, only the most important characteristics have been
modeled and only the envelope of the magnitude characteristic
has been considered. No phase information can be obtained
from the following models.

In all of the following models it is assumed that the amplifier
is operating with frequency independent feedback (4 is a
constant) and the switching clock has a 50% duty cycle.

A. Transfer Functions for x =0

An important contribution to the total output noise comes
from the baseband component, that is, the term |T5|2S(f) in
(11). It was found from analysing the simulation results that the
transfer functions for the baseband signal components (z=0)
can be approximated by

. Ni (A+if/fa) 1
11 (L+5f/fa) L 13)

T (f) =~ = - .

V) B A e (L4 /1) W+ 3171
where T7» and T are.the transfer functions from the input
referred noise: sources of the nulling..and main amplifiers
respectively to the output. Referring to the small signal model
given in Fig. 5, the poles and zeros are given by

fo= ijRB = j” (14)
= 40,76, +17r/<4f 2feix) )
vﬂ"4ﬁ; (o
a= GQGZ;g/Gl - Agncf:/ozm an)
= e
fr= %1;%%. (19)

Fig. 6 shows that the shape of the Tg’s predicted by the empir-
ical -equations closely resembles those obtained by simulation
for a variety. of different amplifier models (defined in Tables I
and II). The defining characteristic of amplifier: model #1 is
the low: bandwidth of the nulling amplifier, in this aspect it is
representative of most continuous-time auto-zeroed amplifiers.
Amplifier model #2 is identical to #1 except that the nulling
amplifier bandwidth is significantly higher. The third and forth
amplifier models are used to illustrate the effect on noise
of using a high clock frequency and having a high nulling
amplifier bandwidth (during ¢).

Consider the nulling amplifier ‘noise- source ‘transfer char-
acteristic that is given in (12). At low frequencies the noise
transferred to the output behaves in a manner.analogous to
the input offset voltage (see (1)). This can be understood
intuitively by realizing that the noise which is present in
the frequency band much lower than the auto-zeroing clock
frequency- will be highly correlated. between samples: The
noise: sampled. during ¢y is strongly correlated to the noise
from which the sample is subtracted during ¢»: Therefore, the
low frequency noise level is reduced by the same factor of
Al as the offset voltage.

Equation (12) also indicates that the overall noise level is.
increased by the noise gain 1/ of the external feedback circuit
as expected. The pole f. models the high frequency noise
attenuation due to the nulling amplifier closed loop bandwidth.
The pole f. occurs at one half the nominal bandwidth of the
nulling amplifier during ¢ since the noise is passed to the
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Fig. 6. Comparison of the baseband transfer functions generated by simula-
tion (lines) with those derived from the empirical models (markers) for the
noise sources e, (top) and er, (bottom). The amplifier models used for the
comparison are given in Table II. Also indicated are the approximate locations
of the transfer function poles and zeros for the transfer functions calculated
using model #3.

main output only 50% of the time. This reduction in bandwidth
due to switching is similar to that shown by Kaehler [21] for
a switched RC low-pass filter where the filter’s time constant
was reduced t0 Tswitcheda = XRC when switched with a duty
cycle of x. v

The pole f;, represents the upper frequency limit for which
the auto-zeroing process will reduce the noise. This pole
consists of two components. The component G5/4xC, is
the closed loop bandwidth of the nulling amplifier during
¢1 (again decreased by a factor of 2 due to the 50% duty
cycle) and is dominant only if it is significantly below the
auto-zeroing clock frequency. In this situation the nulling
amplifier behaves like a low-pass filter with a bandwidth of
Gs /47w Cy,. Model #1 illustrates this in Fig. 6 (note that for
model #1 the pole f. < fi). However, if the nulling amplifier
bandwidth is greater than the clock frequency, the auto-zeroing
process will only be effective in reducing noise for frequencies
up to approximately 4+/2f.;/7. This is the same frequency

795

limit that is obtained for the ideal discrete-time auto-zeroed
amplifier analyzed in Appendix A (which the nulling amplifier
begins to approximate once its bandwidth exceeds the clock
frequency) [10], [5]. In Fig. 6 the curves belonging to amplifier
model #3 illustrate the secondary limit being reached by pole
fo- '

The zero f, is the transition point at which the noise
reduction due to auto-zeroing begins to decrease from the
maximum level of 1/A_ due to the reduction in the nulling
amplifier auxiliary path loop gain.

The origins of the poles and zeros of the main amplifier
baseband transfer function T;™ are very similar to those of
T,™. The primary difference being that 3y, the closed loop
bandwidth of the main amplifier, is typically much greater
than f. since it depends on the main amplifier compensation
capacitor instead of the much larger hold capacitor. The
maximum noise reduction at low frequencies is determined
by the same A’ o, /a., factor as the level of offset voltage
reduction.

Equations (12) and (13) predict the approximate shape of
the baseband transfer functions but omit the fine details. For
example the “nulls” in 7™ which occur at the odd multiples
of fux are not modeled. Also, for very small Cp,,, To"
overestimates the magnitude of the response by a factor of
2 for frequencies greater than f ;. However, the equations
are accurate enough for their intended purpose, i.e., design.

B. Transfer Functions for x # 0

The transfer functions of the frequency  translated noise
components are split into two groups, even.and odd, based
on the index z. The odd transfer functions are typically
much stronger than the even ones, especially when the nulling
amplifier bandwidth is low (usually this corresponds to the
use of large Cy,|,’s). Empirically, for z # 0 and odd z, it was
found that for a 50% duty cycle the transfer functions can be
approximated by

Ten ~ l[i+ coth(Gs/4Ch, fen)
@ 7 Bler T (1 - j2n2Chfoax/Gs)
coth(G's /4Cym folx) ] 1
2(1 = j2mnCp fax/Gs) | (1 + j4m fCm [ G5)
(20)
o n L[ I =
"~ 8 [gmr + 2(1 —j27r$0mfclk/G5)]
1
X (1+ j4n fCp/Gs) o

while for z # 0 and even T

Ten 1[ !
7 811 - j272Cn for/Gs)

1 1
T 3(1 - j272Chm fdk/G5)] (1 + 727 fCr/Gs)
‘ (22)

Tim =

1 1. 1
B [2(1 - jzwamfclk/G5)] (1 +j27l'me/G5) '
(23)
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A comparison of the empirical and simulation results for
these transfer functions is shown in Fig. 7 for a variety
of amplifier models. The frequency dependent roll-off in
(20)—(23) is modeled in a straightforward fashion as the closed
loop bandwidth of the nulling amplifier (with an extra factor of
2 appearing in (20) and (21) due to the 50% duty cycle). This
model underestimates.the frequency roll-off, especially when
z is even, but is adequate for the design process. A more
accurate model of the roll-off could not be found. Aspects of
the transfer functions not modeled by the empirical expressions
are the nulls and peaks which occur at multiples of the clock
frequency. Simulations show that these components do not
represent an important contribution to the overall noise PSD
and can therefore be neglected.

The dependence on'z of the T}, ,40’s is complicated and
the initial guess of its form was obtained from the equivalent
transfer function of the simplified discrete-time auto-zeroed
amplifier that is given by (34) in Appendix A. To highlight the
dependence of (34) on z, the frequency dependent portion of
the expression can be eliminated by taking its limit as f — 0.

For odd z the limit of (34) is

J , coth(1/4RCfen)
2(1— j2ne RO far)

—— (24)
T
while for even z it is
-1 .
2(1 = 727z RC for)

25)

To apply these results to the continuous-time auto-zeroed
amplifier the R in (24) and (25), which corresponds to the
output resistance of the discrete-time auto-zeroed amplifier, is
replaced with 1/G's, the output resistance of the nulling am-
plifier under closed loop conditions. After this substitution, the
resulting expressions form the base from which the equations
given in (20)—(23) were devised:

~TV. EXPERIMENTAL VERIFICATION AND INTERPRETATION

. The low frequency noise power spectral density of the test
amplifier (which is described-in detail .in [5]) was measured
and compared with the the PSD computed using the switched
network-analysis described in Section HI. The measured and
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Fig. 8. Measured and simulated output noise PSD for the test amplifier with
a nulling amplifier bandwidth of 250 Hz, corresponding to hold capacitor of
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simulated noise PSD’s are compared in Figs. 8§ and 9 for
three clock frequencies (10, 100, and 1000 Hz) and two hold
capacitor sizes (0.98 and 100 nF). The simulation results
include the noise contributions of the aliased terms over the
range of —20 < z < 20. The amplifier parameters used in the
computation of the PSD’s are given by model #5 in Table 1.
These parameters are derived from the measured performance
of the test amplifier, and correspond to an amplifier with
Aon ~ 104 AL ~ 4 X 10°, @y, =~ 100, and a GBW =~
5 x 108, The noise model used for the input referred noise
PSD of both the main and nulling amplifiers is

4
2—1|<f1|—0) nV?/Hz.

This noise model assumés that the dominant source
of the noise is the input stage. Otherwise, the noise at high
frequencies would need to increase to properly model the
contributions of the noise sources in the output stage that
are not attenuated by to the amplifier’s limited bandwidth.
Potentially such high frequency noise could be aliased down
into baseband by the circuit switching action and increase the
overall noise level. However such behavior was not observed
experimentally and was therefore neglected. The coefficients
of the noise source model were determined by curve fitting
the expression Syo(1 + fi/|f|) to the measured noise PSD
of the main amplifier. To measure the main amplifier PSD,
the clock was stopped in ¢» and the auxiliary input terminal
was connected to-ac ground. In this configuration, the noise
at the output is that due to the inherent noise of the main
amplifier alone. Assuming that the main amplifier inherent
noise is dominated by the noise of the input stage, it is
a reasonable to assume that the nulling amplifier noise can
also be approximated by the same noise model as the main

Se =200 (1 + (26)
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Fig. 9. Measured and simulated output noise' PSD for the test amplifier with
a nulling amplifier bandwidth of 2.5 Hz, corresponding to a hold capacitor of
Cinn = 100 nF. Measured data points are indicated by markers while lines
are used for the calculated PSD.

TABLE. I
SMALL SIGNAL MODEL PARAMETERS USED FOR SIMULATION
Amplifier Model
1 2 3 4 5 | Units

Ry 20 201 27 27 | 30.3 | MQ
Ry 02| 02 02 02 02

R; 20 20| 14 141 30.3

G, | 500| 500|700 | 700 | 330 | pA/V
G, 5 5| 43 43 33

Gi | 500 | 500375 375| 215

Gy | 500] 500300 | 300 330
Gs 5 51 21 21} 33
Cn| 100} 09| 150| 150 | 100 | nF
C,| 100 09| 13 0.1] 100
Csn 10 10| 10 10 | 430

fs | 1007 | 1007 | 333 | 1000 - | Hz

B 1 1] 1 1 1

¥ also 1000 Hz in-some tests

amplifier (remembering that the main and nulling amplifiers
are usually designed with identical .input stages in order to
minimize offset voltage). ,

The shape of the noise PSD at low frequencies (below
the clock frequency) depends upon the effective closed loop
bandwidth of the nulling amplifier, which is approximately
given by G5 /(47 C,,). When the nulling amplifier bandwidth
is higher than the clock frequency, the PSD will plateau at low
frequencies. Furthermore, the level of the plateau increases
with increasing clock frequency, as demonstrated in Fig. 8

for Cpjn = 980 pF. For this value of hold capacitor, the
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, TABLE II
AMPLIFIER CHARACTERISTICS CALCULATED FROM
THE MODEL PARAMETERS GIVEN IN TABLE I

Amplifier Model

1 2 3 4 | Units
Aom 1 1| 14| 14]10°
Al 10| 10| 87| 87]|10°
Aon 10 10| 42| 42|10
A, 100 | 100 | 290 | 290
Uy 100 | 100 | 16.3 | 16.3
o, 100 | 100 | 14.3 | 14.3
GBW 08| 08| 08| 0.8|MHz
Gs/2nCy 8884 22 22| Hz
Gs/2nC, 8| 884 |2.6k|3.3k | Hz

effective gain bandwidth product -of the nulling amplifier is
approximately 250 Hz.

When a large hold capacitor of 100 nF is used, the nulling
amplifier bandwidth decreases to about 2.5 Hz, and the PSD
at low frequencies becomes almost independent of clock fre-
quency, as illustrated in Fig. 9. Note that the clock frequency
of 10 Hz approaches the bandwidth of the nulling amplifier
and so the PSD begins to plateau in a similar fashion as when
Crnln Was. small.

The same auto-zeroing action that reduces offset voltage
also suppresses low frequency noise. At very low frequen-
cies, f < f,, the inherent noise of the nulling amplifier is
suppressed by a factor of AL . Above f,, the -loop- gain of
the nulling amplifier begins to decrease, causing a reduction
in the level of noise suppression. At the frequency of f the
loop gain becomes unity, noise suppression ceases, and the
amplifier noise is passed to the output unhindered until the
pole at f. is reached. The pole f. is the nulling amplifier
closed loop bandwidth, after which thé noise PSD rolls off for
higher frequencies. The noise response of the main amplifier
is similar except that its bandwidth is much greater {fy > f.).

At very low frequencies the dominant noise contribution

will come from the baseband terms. Equations (12) and (13)

predict that as-f — 0 the output noise will be dominated by

Sen Sem
BAL. " BAL ol @7

Therefore at very low frequencies the noise PSD will begin to
rise at a rate proportional to the 1/f component of S, and
Se,.. This effect can be seen in Fig. 8.

Consider in more detail the contribution to the output noise
PSD of the nulling amplifier. If the nulling amplifier bandwidth
is low, that is if ‘

Gs
m < fox

then the low frequency PSD  is nearly independent of clock
frequency. This is clearly demonstrated in Fig. 9 for the case
of Cryln = 100 nF. A small dependence of the PSD.on
clock frequency can be seen in the change of the-depth of
the “valley” that occurs at approximately 0.05 Hz. The valley

28

is filled in by high frequency noise aliased down to baseband.
The lower the clock frequency, the shallower the valley in
the PSD becomes, indicating more aliased noise. As indicated
by (20)-(23), as the clock frequency decreases the maximum
magnitude of the transfer functions (for z # 0) for the aliased
noise increases. Therefore at lower clock frequencies more
noise is aliased down and it is of greater strength.

It appears that the higher the nulling amplifier bandwidth
the greater the frequency range over which noise suppression
can occur. This is true until a secondary limit imposed by the
switched nature of the circuit is reached. This secondary limit
is reached when the nulling amplifier bandwidth exceeds

~ 1.8 fx

G S 42 feric 29)
s

47 C,,
after which point the effective bandwidth of the nulling
amplifier becomes limited to "

42 fonc ‘_ (30)
m

Attempting to increase the maximum- frequency for which
noise suppression occurs above the frequency specified in (30)
is futile. An intuitive interpretation of this is that the sampling
and subtraction process that leads to noise suppression can
only occur at frequencies below the clock frequency.

For maximum low frequency noise suppression the amplifier
must have a high A] (and A}_) and the hold capacitors
should be sized as

G
16v/2 fone

assuming that both the main and nulling amplifiers have
identical input stages. These results suggest that to- minimize
the low frequency noise, an auto-zeroed amplifier should be
designed with small valued hold capacitors and use a high
clock frequency. This is opposite to the requirements for
low input offset voltage (the primary goal of the auto-zeroed
amplifier) which is reduced by using large hold capacitors and
a low clock frequency [5]. Therefore the choice of capacitor
size and clock frequency must reflect a compromise between
noise and offset performance.

V. CONCLUSION

Periodically - switched network -analysis techniques have
been applied to.a continuous-time aute-zeroed amplifier to
obtain numerical predictions of its noise behavior. From these
solutions empirical expressions are developed which indicate
the key design parameters that affect the noise performance.
The low. frequency noise is suppressed by a factor of A, ,
the nulling amplifier auxiliary -signal path open loop gain.
The maximum frequency for which noise suppression can
occur is approximately the -auto-zeroing clock frequency;
however, if the nulling amplifier bandwidth is below the
clock frequency. then the noise suppression will cease at
the . bandwidth frequency. The nulling amplifier bandwidth
also affects the shape of the low frequency- output noise
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Fig. 10. A simplified model of a discrete-time auto-zeroed amplifier.

PSD. If the bandwidth is above the clock frequency, the
low frequency PSD will show a flat plateau, the level of
which will rise with decreasing clock frequency. If the band-
width is below the clock frequency, the low frequency PSD
will have a humped plateau that is largely independent of
clock frequency. Independent of the nulling amplifier band-
width, the PSD at very low frequencies will begin to rise
again at a rate proportional to 1/f. For frequencies greater
than the clock frequency, the output PSD will be dominated
by the contribution of the main amplifier inherent noise
source.

APPENDIX
DISCRETE-TIME AUTO-ZEROED AMPLIFIER

A simplified model of a bandwidth limited discrete-time
auto-zeroed amplifier is shown in Fig. 10. This circuit is
simple enough that the switched network analysis methods
of Strom and Signell can be applied to determine an exact
analytic solution for the output frequency response.

The total output noise PSD due to the noise source e; with
a spectral density S; is given by

>0

Saz(f) = Z |Hw(f)|25i(f_~77fclk)

T=—00

(32

where the transfer functions are labeled H, in order to clearly
differentiate them from the transfer functions T, used for the
continuous-time auto-zeroed amplifier.

It can be shown that for = 0 the transfer function is given

by
Ho(f) =
eIt/ few gin(my f/ foue) (1 — €~ =X (g ti2m f))
l—x(_1 Tamf
(1+ j2nfRC) (1 _ (Rt EL )

x|1-

(33)

and for z # 0 (see (34) at the top of the page) where f.i
is the sampling frequency, and x = tg /7 is the ratio of the
hold time ¢z to the sampling period T; (see Fig: 10).

If R — 0, then (33)—(34) reduce to

|Ho(f))? = x°[L + sinc®(x f/ feik)

— 2cos(mx f/ fan)sine(x f/ fox)]  (35)

and

|HL(F)? = x*[sinc®(x f/ fo) + sinc®(zx) + 2sinc(x f/ fox)
x sinc(zx) cos(mx(f/ fe — 2))] (36)

which, for x = 1, are similar to the expressions obtained by
Enz in [10] for a simplified discrete-time auto-zeroed amplifier.
The transfer functions shown in (35) and (36) are more general
than those given by Enz in [10] since an infinitely short
sampling time (i.e., x = 1) is not assumed.
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