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LOW-NOlSE, LOW-POWER, LOW DRIFT 
OFFSET CORRECTION IN OPERATIONAL 

AND INSTRUMENTATION AMPLIFlERS 

2 
Alternatively, in the freq1tency domain the choppers chop1 

and chop2 can be regarded as mult.ipliers or mixers, shifting 
the input frequencies by the chopper freq1tency fcltop· From 
this point of view, chopper chop1 will convert up a DC input 

BACKGROUND OF THE JNVENTlON 

I. Field of the Invention 
TI1e present invention relates to the field of operational and 

instrumentation amplifiers. 
2. Prior Art 

5 signal to the chopper frequency fd,op· Input stage g,.. 1 will 
then amplify the resul ting s ignal at [chop· while chopper chop2 

converts the signal back to DC. Note that the DC input signal 
reappears as a DC signal at the output ofchopperchop2 . 1rus 
is because at this point the signal has passed through two 

tO choppers, implementing up and down conversion of the input 
One of the key performance specifications of an opera-

signal. tiona] amplifier is its DC error or offset voltage. The offset 
voltage limits the abi lity of the amplifier to resolve small DC The situation for the offset source Vos is different, however. 
input vol tages. The total offset voltage is usually specified Since there is only one chopper between the offset source V os 

assuming a single source of error at the input terminals. The t5 and the output, the DC offset voltage V os will get up converted 
value of this imaginary voltage source represents the input to the chopper frequency fcltop at the output. By low pass 
referred offset voltage of the amplifier. The significance of filtering (or averaging) tl1e output the effect of the oJJset 
this parameter lies in the fact t11at the amplifier will not be able source Vos can then be eliminated. 
to resolve any DC voltages at its input that aresmallertban the Besides to the DC offset, the same frequency up conversion 
ioput referred oJTset voltage. 20 applies to any 1/f or low frequency noise of i11put stage gmt· 

In monolithically integrated operational amplifiers, the Therefore, the 1/f noise is shifted out of the signal band in the 
input referred offset voltage (also called input offset. offset same way the DC offset is. 
voltage or just offset for short) is mostly due to statistical The gain stages g,..p g1114 and g,..5 comprise the chopped 
mismatch between crit ical components in the circuit. Com- signal path. Since DC offset is- by defmition- a low-fre-
monly, these critical components include the input stage tran- 25 quency phenomenon, the chopped signal path does not 
sistors, but other devices may contribute siguificantly to the require a very high bandwidth. Instead, the parallel i11put 
offset as well. Typical offset voltages due to component mis- stage g"'3 is added to the circuit to deal with high frequency 
match lie in the order of several millivolts. signals. Together, input stages gnr 1 and gnr3 handle the entire 

In the past. many techniques have been proposed and spectnun from DC up to the bandwidth of the amplifier. 
implemented to limit the effect of statistical mismatch on the 30 Capacitors Cnrt and C,12 implement frequency compensation 
input referred offset voltage. These techniques fall into one of to ensure stabi lity when applying feedback to the amplifier. as 
two categories (sec "Circui t Techniques for Rcduci.ng the well as a smooth transition between the high and low frc-
Effects of Op-Amp Imperfections: Autozeroing, Correlated quency portions of the amplifier gain. 11lis frequency com-
Double Sampling, and Chopper Stabilization". C. C. Enzand pensation setup is based on Mult ipatb Nested Miller Com-
G. C. Temes,IEEEJ. Solid-State Circuits, vol. 84, November 35 pensatiou (see "Frequency Compensation Techniques for 
1996, pp. 1584-1614). Low-Power Operational Amplifiers". R. Eschauzier and J. 

I. Chopper Stabilization Huijsing, section 6.1, Boston, Mass.: Kluwer, 1995. section 
2. Autozeroing 6.1 , Boston, Mass.: Kluwcr, 1995). 
The following will address each of these techniques. along A significant benefit of the chopping technique, besides its 

with their respective advamages and disadvantages. 40 effectiveness in reducing offset and 1/f noise, is tha t the noise 
Chopper Stabil ization power density spectrum (PSD) at low frequencies approaches 

Chopper stabilization relies on periodically swapping the the thermal noise limit of the amplifier without choppers. 
signal paths for the negative and positive input terminals of The main disadvantage of chopping is that the output spec-
the amplifier. On average, this causes the offset between the tmm of the chopper stabilized amplifier will show a sharp 
two terminals to even out (see "Circuit Tcchtliques for Reduc- 45 peak arOlmd the chopper frequency fchop (FIG. 2). 
ing the Effects ofOp-Amp Imperfections: Autozeroing, Cor- This noise peak is caused by the up conversion of the offset 
related Double Sampling, and Chopper Stabilization", C. C. voltage and 1/f noise of the input stage g'" 1, and corresponds 
Bnz and G. C. Temes, IEEE J. Solid-State Circuits, vol. 84, to the ripple voltage at the output of the amplifier in the time 
November 1996. pp. 1584-1614). FIG. 1 shows the block domain. 
diagram of a chopper stabilized amplifier. 50 Autozeroing 

The input referred offset voltage of the input stage g,1 is 
represented by voltage source V os· The behavior oft he chop­
pers is to mult iply their input signal by+ I or -1 , depending on 
the stare of clock phase <jl2 . In the case of a differential signal 
(e.g. chopper chop1), multiplying by - 1 simply means swap- 55 
ping the input signals. Multiplying by +1 indicates direct 
connections between inputs and outputs. 

Note how for one clock phase the input offset source Vos 

will cause a negative error vol tage at the output, whi le for the 
other phase the eJJect will be a positive voltage. ·n1e net 60 
output error voltage, averaged over time. will be zero. 

For the input signal the s ituat ion is different.lnthis case rhe 
signal passes to both choppers chop1 and chop2, and the 
polarity of the output signal will not change. Therefore. the 
output signal will consist of the unmodified input signal, and 65 

a ripple voltage caused by chopping by chopper chop2 of the 
input offset voltage V os· 

Autozeroing includes techniques that calibrate out the 
input offset by measuring the oJfset, storing it into some kind 
of u1temal memory, and then compensating for the error 
during normal operation. This process is very similar to zero­
ing a weighing scale for example. The moment of cal ibration 
can be during manufactltr ing, in which case the measured 
offset needs to be stored onto a non-volatile memory, to 
ensure that the measured offset value does not disappear after 
the part is powered down. Alternatively, the autozeroing can 
be performed during normal operation, by period.ically inter­
mpting the signal path for a brief calibration. In this case, the 
measured voltage needs to be retained for a short amount of 
time only, aJJowing the use of volatile memory. or even a 
capacitor to store the value. The advantage of autozeroing 
during normal operation is that as the offset of the amplifier 
slu fts , e.g. due to temperature changes or aging. the autozero-
ing will track the changes and continue to compensate for it. 
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Autozeroing during manufacturing does not compensate for 
varying conditions, and is therefore susceptible to offset drift. 

FIG. 3 shows the simplified block diagram of an amplifier 
using autozeroing to reduce its offset. 

It comprises of input stage g,1 with its associated input 5 

referred offset voltage source V os· The switches S 1 and S2 , 

transconductor g,2 and capacitor ci implement the autozero 
f1.mction. When clock phase <j> 1 is high (autozero). switch S 1 

shorts the input terminals of input stage gmt · Switch S2 closes 
a feedback loop around stage gnr2• which forces the output 10 
voltage of input stage g,1 to zero. After the feedback loop 
settles. the voltage on autozero capacitor C1 counteracts the 
input referred offset voltage V o.•· 

The moment clock phase <j> 1 goes low (normal operation), 
switch S2 opens the feedback loop around transconductor t5 
g,2. Because of the high input impedance of trausconductor 
g"'2, the voltage across the autozero capacitor C1 remains 
constant (sample-and-hold), and continues to compensate for 
the oJTset voltage v os · 

With clock phase cp 1 low, iuput switch S 1 goes from short- 20 
ing out the input stage g"' 1 to directly conuectiug the input 
terminals of the amplifier to the iuput stage g"' 1• Input stage 
g,1 now operates as a normal input stage, connected between 
the input terminals of the amplifier and the subsequent gain 
stages g"'4 and g,5 . As a result of the calibration in the pre- 25 
vious clock phase, the small current 12 that transconduc tor 
g"'2 adds to the output current of input stage g"'1 exactly 
compensates for the error current at the output of g,1 due to 
offset voltage V os· In other words, the autozero current I2 
effectively el iminates the input referred offset voltage V os of 30 
the amplifier. 

Besides eliminating DC offset, the autozcro process is also 
very eiTective against low-frequency or I If noise. 1l1js noise 
component can be regarded as a slowly varying offset voltage, 
and as long as the amplifier is autozeroed with short enough 35 
intervals. any 1/f noise will be removed in the same fashion 
DC offset is. 

The autozerocd amp liner in FIG. 3 separates Lugh and low 
frequency signals and processes them through two parallel 
signal paths, as was the case with the chopper stabi lized 40 
amplifier of FIG. 1. The gain stages g, 1, g"'4 and g,5 com­
prise the low-frequency autozeroed signal path, while the 
parallel input stage g,3 deals with high frequency signals. 
Capacitors C,1 and C"'2 again implement Multipath Nested 
Mmer Compensation (sec "Frequency Compensation Tech- 45 
tuques for Low-Power Operational Amplifiers", R. 
Escbauzier and J. Huijsing, section 6.1. Boston, Mass.: Klu­
wer, 1995., section 6. I, Boston, Mass.: Kluwer. I 995), ensur­
ing stabili ty and a smooth frequency response. 

Although autozeroing according to FJG. 3 is a simple and 50 
effective method to reduce the input offset, it greatly deterio­
rates the noise properties of the amplifier due to a process 
called wide-baud noise sampling (see"Circuit Tecl:ullques for 
Reducing the Effects of Op-Amp Imperfections: Autozero­
ing, Correlated Double Sampling, and Chopper Stabiliza- 55 
lion". C. C. Enz and G. C. Temes, IEEE J. Solid-State Cir­
cuits, vol. 84, November 1996, pp. 1584-1614). 

4 
the sampled noise voltage in the time domain. As a result, the 
san1pled vollage on autozero capacitor C, at the end of each 
autozero period shows a significant random variation. TI1is 
variation causes a random input referred offset voltage that 
changes ar t he end of each autozero interval, and is then kept 
constallltbrougbout an eutire period of nom1al operation. 

In the .frequency domain, tllis wide-band noise sampling 
causes an increase in the noise Boor for low frequencies (see 
FIG. 4). 

TI1e comer frequency oo .. of this elevated noise band is set 
by the bandwidth of the autozero loop through transconductor 
g"'2, switch S2 and auto zero capacitor C; and equals g,.iC,. 

IL1 the circuit of FIG. 3, tl1ere is also another, second, source 
of wide-band noise sampling. This is due to the sample-and­
hold action of switch s2 and the integrating capacitor c,2 
during the autozero period.As a result, the noise floor beyond 
the comer frequency of the autozero loop will also be higher 
compared to the thennal noise liutit of the amplifier without 
aurozeroing.ll1e bandwidth of this sampled noise spectrum is 
approximately equa l to the freq uency at which the amplifier is 
autozeroed (and lies beyond the maximum frequency on the 
X-axis of FlG. 4.) 

The noise power spectral density (or PSD) of the overall 
an1plifier is shown in FIG. 4. Due to the multiple sample-and­
bold actions in the circuit, the overall noise density is sigrufi­
cantly b.igher than tbe thermal noise limit of the circuit with­
out autozeroing. For low frequencies, the noise increase is 
especially noticeable, and m practice can be a factor 10 or 
more. Note that compensating for this elevated noise level by 
lowering the thermal noise of gm 1 (and g,.,2), would mean that 
tl1e currents in these stages will have to go up by the same 
factor l 0. In many cases such a large supply current increase 
will turn out to be au unacceptable impact to the to tal power 
budget of the amp! ifier. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. l is a block diagram of a Prior Art chopper stabil ized 
amplifier. 

FIG. 2 illustrates the Noise Power Spectral Density (PSD) 
of a Prior Art chopper stabilized amplifier. 

FlG. 3 is a block diagram of a Prior Art autozeroed ampH­
fier. 

FIG. 4 illustrates the Noise PSD of a Prior Art autozeroed 
amplifier. 

FIG. 5 is a block diagran1 of one circuit combining the 
advantages of chopping and autozeroing i11 a single amplifier. 

FIG. 6 illustrates the Noise PSD of the amplifier of FIG. 5 
with both chopping and autozeroing. 

FlG. 7 is a block diagram of an Amplifier combinmg chop­
ping and autozeroing with a ping-pong autozeroed input 
stage. 

FIG. 8 illustrates the Noise PSD of the amplifier with 
ping-pong autozeroing. 

FIG. 9 is a block diagram of au Amplifier combirung chop­
ping and autozeroing with reduced wide-baud noise sam­
pling. 

FIG. 10 illustrates the Noise PSD of the chopped and 
autozeroed amplifier wi th improved clocking scheme ofFlG. 
9. 

FIG. 11 is a block diagram of a Simplified chopped and 
autozeroed amplifier. 

FlG. 12 is a block diagram of a Chopped and autozeroed 
amplifier using Multipath Hybrid Nested Miler Compensa-

Wide-band noise sampling. which is inherent to any 
sample-and-bold action, is caused by the fact tl1at the instan­
taneous noise value at the output of input stage g"'1 (and also 60 
autozero stage g,2) is sampled by autozero capacitor C1 and 
held ior the em ire period that cp1 is low (normal operation). 
The sampling of the noise takes place by switch S2 and 
capacitor ci, wruch are both components with a bandwidth 
that far exceeds the bandwidth of the amplifier. Therefore, the 
noise is sampled with a very high bandwidth, which results in 

65 tion. 

a corresponding high rms value (or standard deviation o) of 
FIG. 13 is a block diagram of an lnstnameutation amplifier 

wi th chopping and autozcroing. 
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FIG. 14 illustrates the Clock phases of the chopped and 
autozeroed amplifier ofF1G. 13. 

FIG. 15 presents a Prior Art Circuit for generating two­
phase non-overlapping clock signals. 

FJG. 16 illustrates the two-phase non-overlapping clock 
signals of the Prior Art circuit of PIG. 15. 

PIG. 17 presents a circuit for a three-phase non-overlap­
ping clock generator. 

6 
the offset V os of g,1 is already autozeroed, chopping by chop­
per chop2 does not introduce any output ripple. Also, because 
the choppers shift any low-frequency noise of the autozeroed 
input stage gml to the chopper frequency rchopl the effect of the 

5 wide-band noise srunpling by autozero capacitor C,, is greatly 
elimi nated. This can be seen in the noise it is shifted to the 
PSD of FIG. 6. 

FIG. 18 illustrates the three-phase non-overlapping clock 
signalsforthecircuitofFIG. 17. tO 

Clearly, the low frequency noise resulting from the wide 
band noise san1pling by autozero capacitorC1, is shifted to the 
chopper frequency [chop· Finally. since both the autozeroing 
and chopping contribute to reducing the offset, the resulting FIG. 19 presents a Prior Art circuit for a Bootstrapped input 

switch circuit. 
FIG. 20 presents a circuit for an improved bootstrapped 

switch w ith reduced switching gl itch and die area. 

input referred offset can be much lower than. by using chop­
ping o r autozeroing alone. 

FIG. 21 illustrates an alternative form of autozero circuit t5 

using a single differential amplifier. 

The noise PSD of FIG. 6 also shows the main disadvantage 
of the combined autozeroed and chopped circuit of FIG. 5. 
Not ice how the overall noise floor is .raised s ignificantly 
above the thermal noise limit of the amplifier. 111is elevated 
noise floo r is entirely due to the sample-and-hold action of 
switch S2 and Miller capacitor C"'2 . While the input stage is 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

ln the attached drawings, for reference, in instances where 
it matters. all switches are shown in states for a respective low 
control signal. In that regard, the word switch is used herein 
and in the following claims in both the singular and the plural 
sense, and in the sense to include an on/off switch or switches, 
and switches that alternately connect one line to e ither of two 
other lines. However when used in the plural sense, each such 
switch is responsive to the sam e control signal. Also the word 
amplifier as used herein means an amplifier of one or more 
stages, and may include frequency compensation. 

Table I summarizes the properties of the chopping and 
amozeroing techniques for reducing the DC oiTset and 1/f 
noise of an amplifier. 

"TABLE I 

Properties of chopping and autozcroing. 

Chopping 
Autozeroing 

Advantage 

Low-noise 
No output 
ripple 

Disadvantage 

Omput ripple 
Wide·ba.od noise 
sampling 

Clearly, each of the techniques has its own set of advan­
tages and disadvantages. Chopping results in low noise, but 
causes a significant output ripple, while autozeroing suiTers 
from wide-baud noise sampling, and hence high noise, but 
does not generate a ripple at the output. 

Ideally, we would like to find an alternative approach that 
combines the advantages of chopping and autozeroing, i.e. 
low noise and small output ripple. FIG. 5 shows a first anempt 
at such a technique. 

20 being autozeroed (clock phase cj> 1 is high), the llOm1a! signal 
path is being intermpted. During this time, the voltage across 
Miller capacitor C,2, holding the value at the time switch S2 
opened, wi ll determine the output voltage of the amplifier. 
The sample-and-hold effect of switch S2 and Miller capacitor 

25 C,.,2 again gives rise to wide-band noise sampling. It can raise 
the overal l noise floor by a factor I 0 or more, all the way up to 
the autozero frequency["" (which is beyond the range on the 
x-axis of FIG. 6). 

A simple way to avoid the wide-band noise sampling in the 
30 circuit of FIG. 5 is shown in FlG. 7. 

Here, the input stage of the amplifier is implemented using 
two independent transeonductors g,., ta and g,1h in a so-called 
ping-pong setup. 1l1e two input transcouductors are alter­
nately being autozeroed. Wbj le one transconductor is in its 

35 autozero mode, the other will provide a signal path between 
the input terminals and the intermediate stage gm4 , and vice 
versa. As a result. the normal signal path will never be inter­
mpted, and no wide-band noise sampling takes place on the 
Mi ller capacitor C,2 • This is apparent from the noise PSD in 

40 FIG. 8. 
For low frequencies, the noise of the ping-pong circuit is 

identical to the thermal noise of the amplifier without chop­
ping and autozeroing. The noise bump due to the autozeroing 
of g,1., and g,1h is shifted to the chopper frequency f chop by 

45 the two choppers chop 1 and chop2• as was the case in the 
circui t of FIG. 5. 

Al though the noise PSD of FIG. 8 approaches the ideal of 
low-noise and low output vol tage ripple, this perfom1ance 
comes at a considerable price in terms of die area and power 

so consumption. Because of the ping-pong structme, the input 
stage almost doubles in size and supply current. Since both 
area and supply current of the input stage are key in obtaining 
a low thermal noise floor, the die size and power penalty of 
doubling tbe input stage will be unacceptable in many prac-

·n1e circuit consists of autozeroed input stage g,1 that is 
"embedded" between the two choppers cbop1 and chop2 • The 
order of operation of the various parts is as follows. When 
clock phase <j> 1 is high, input stage g,1 is being autozeroed by 
switch S2 , transconductor g,2 and autozero capacitor C,. 
When clock phase cj> 1 goes low, input stage g, 1 enters nom1al 
operation, while the output current of transconductor g,2 

compensates for its input referred offset V os· During this half 60 
cycle of normal operation, the two choppers chop, and chop2 
wiU go through a full clock cycle cj>2 • averagi11g out any 
remaining offset of autozeroed input stage g,1 • The cycle 
repeats by clock phase cj>1 going high again, entering the 
amplifier into autozero. 

55 tical cases. 
An altemative approach to combining the advantages of 

chopping and autozeroing, without the dje size and power 
penalty of a ping-pong autozeroed input stage, is shown in 
PIG. 9 . 

111is circuit is similar to the circuit of FIG. 5, but employs 
a modified clocking scheme. Instead of the autozero clock 
phase cj> 1 mnuing ai balfthe chopping :frequency [chop• it now 
operates at twice the chopping frequency [chop· Also, the duty 
cycle is such. that the autozero time is substantially shorter 

65 than the time the input stage provides a normal signal path. 
At first sight, the ci rcuit of FIG. 5 seems to have many 

advantages over only choppin g o r only autozeroing. Because 
Thus the duty cycle of cj> 1 is preferably less than 50%. and is 
more preferably not more than 25%. The result is that each 
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half cycle of the choppers is intermpted by the atilo-zeroing, 
though for less than one half of each half cycle of the chop­
ping. TI:Us is also preJerred for the embodiments of FIGS. 11, 
12 and 13. 

8 
Input stage g,3 again implements a separate signal path for 

high frequencies. Together with capacitors C,1, C,2o and 
C,2b, tllis parallel input stage g"'3 implements Multipath 
Nested Miller Compensation (see "Frequency Compensation 

By placing the autozero pulse in the middle of each half 
cycle of the chopper clock phase <1>2 , chopper chop2 will aver­
age out any residual olTset after autozeroing in the time 
between two autozero pulses. This residual offset averaging 
stems from the fact that during a period between two autozero 
pulses. the signal is passed through chopper chop2 directly 
and with reversed polarity with the same duration. 

5 Teclu1iques for Low-Power Operational Amplifiers", R. 

tO 

Eschauzier and J . Huijsing, section 6.1, Boston, Mass.: Klu­
wer. 1995). TI1is frequency compensation technique ensures 
stability when applying feedback to the overall amplifier, 
while enabling a smooth frequency response without artifacts 
in the cross-over region between the high and low frequency 
signal paths. Capacitor C3 is an optional component tha t can 
help the gain of the low-freq11ency signal path (gmt· g,4 and 
g,5) to drop off steeply enough at high frequencies not to 

The modified clocking scheme substantially reduces the 
wide-baud noise sampling by switch S2 and Miller capacitor 
C"'2 • Even though the hold voltage on Miller capacitor C,.2 

after opening S2 still has the same large random variation as 
was the case in the circu it of FIG. 5. limiting the time this 
random voltage affects the signal path, greatly reduces its 
overall effect. This is shown i11 FIG.lO. 

t5 interfere with the high-frequency signal path through parallel 
input stage g"'3 . 

By choosing a suitably small au to zero duty cycle, the over- 20 
all noise increase due to the wide-band noise sampling can 
become arbitrarily small. In practice. by choosing a duty 
cycle less than J 0% the noise floor of the circuit will be within 
several percent of the theoretical them1al noise floor limit. 

A final refinement ofthecircuit in FIG. 11 is shown in FIG. 
12. 

This c ircui t is identical to the circuit of FJG.ll, except for 
the addit ional gain stage g"'6 . Tbe purpose of th is additional 
stage is to increase the gain of the low-frequency signal path 
through input stage g,1. This additional gain will help to 
suppress any DC offset of the overall ampl ifier due to mis­
matches in the parallel input stage g"'3• A DC offset in the 

25 parallel input stage g,3 will cause <Ill input referred offset 
voltage of tbe overall amplifier. 1l1e resulting input referred 
offset can be very small, however, as its effect is reduced by 
the ratio of the gains of the low frequency signal path and high 

FIG. 11 shows a simplification of the circuit in FIG. 9. 
Notice how in the previous circuit of FIG. 9 the autozero 

switches and internal chopper switches are co1111ected in 
series, each with their own clocking phases. The circuit of 
FIG. 11 combines these series co1111ections of switches into 
one switch where possible, and provides lhe proper clocking 30 

phases to drive them. 
Operation is as follows. The first state of the circuit is when 

clock phase <j>3 is high; the circuit is in autozero mode, with the 
switches labeled <j>3 closed. As a resu.lt. the inputs oftranscon­
ductor g,. t are both tied to the positive input terminal . Hence, 35 

the input differential voltage of gmt is zero, while the voltage 
at the positive input sets the common-mode voltage. The 
output terminals ofinplll transconductor g"'1 are connected to 
the autozero capacitors cj] and ci2. closing theautozero loop. 

111e second state occurs after c lock phase <j>3 goes low 40 

again. Now there are two possible situations: e ither clock 
phase 4> 1 goes high, while phase <j>2 remains low, or vice versa. 
Assuming the first case, <j>1 high and <j>2 low, input stageg,.1 is 
co1111ected directly between the input terminals and the inter­
mediate stage g,.4 . Offset voltage source V os wi II cause a 45 

positive error voltage at the output of the ampl ifier. The two 
autozero capacitors Cn and C;2 are disconnected from the 
signal path and bold their voltage to cancel out any olTset of 
input stage g,1 • 

The circuit enters its third and final state when 4> 1 and 4>2 50 

reverse polarities ( <P 1 low and <j>2 high). In this situation, input 
stage g"'1 is effectively ttlmed upside down, swapping both 
the input and output terminals. The polarity of the signal path 
remains the same. btll tbe effect of input offset voltage V os at 
the output changes sign: it will cause a negative excursion of 55 
the output voltage. 

Since states two and three have the same duration, the 
average effect of the offset source Vos will be zero. State 1 is 
efl'cctively operating at twice the frequency of states 2 and 3, 
though states 2 and 3 are each in terrupted by state 1, with each 60 
half cycle of the chopping being temporarily intermpted by 
U1e auto-zeroing process. 

The order of states two and three after each autozero pulse 
<j>3 altemates. This results in the following overall order of the 
circuit states: 2-1-2, 3-1-3, 2-1-2 etc. The average (residual) 65 

offset across one autozero cycle, whether it is the 2-1-2 or the 
3-1-3 cycle, will be zero. 

frequency signal path. By introducing the additional gain 
stage g,6 , lhe circuit of FIG. 12 will offer gain ratios on the 
order of I O,OOOx or more in typical sit11ations. Therefore, a 
DC offset of the parallel input stage gm3 of 10 mV for 
example, will be reduced to less thana microvolt. At these low 
levels, the effect of a DC mismatch io the parallel input stage 
g"'3 is sufficiently small not to significantly affect the overall 
performance of the amplifier. 

Because of the additional gain stage g,.6, the circuit of FIG. 
12 now requires Multipath Hybrid Nested Miller compensa­
tion to guarantee stability with overall feedback applied (see 
"Frequency Compensation Techniques for Low-Power 
Operational Amplifiers", R. Eschauzier and J. Huijsing. sec-
tion 6.3, Boston, Mass.: Kluwer, 1995). This frequency com­
pensation technique is similar to Multipath Nested Miller 
Compensation used in FIG. 11. except tha t it uses an active 
integrator wi th Miller capacitors Cm3a and C,.3b, as opposed 
to the passive filter capacitor C3 in FIG. 11 . 
Instrumentation Amplifiers 

By adding an additional input stage to any of the circuits in 
FIG. 5. FIG. 7. FIG. 9, FIG. 11 and FIG. 12. these can easily 
be transformed into so-called inst.n1mentation amplifiers (see 
"Operational Amplifiers, Theory and Design", J. Huijsing, 
pp. 52-53, Boston, Kluwer Academic Publ ishers, 2001) . 
Instrumentation amplifiers have two sets of differemial input 
terminals and are capable of sensing small differentia I signals 
in the presence of a large common-mode disturbance. 

In order for the chopping and autozeroing to work properly 
in the modified circuit, only the input stage devices (including 
the parallel devices for Multipath frequency compensation) 
and input switches need to be repeated from the original 
opamp. '!be autozeroing can be done across bolh input stages 
combined. and therefore does not require additional autozero 
capacitors. nor autozero feedback switches. 

FIG. 13 shows the chopped and autozeroed instrumenta­
tion amplifier that results from modifYing theopamp depicted 
in FIG. 12. The components added to the circuit are the two 
input stages gmlb and gm3b, along with the corresponding 
input switches. 
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FIGS. 5, 7 and 9 implement one fonn of autozero circuit, 
also effectively incorporated in FIGS. 11. 12 and 13, though 
it should be understood that other forms of autozero circuits 
may be used. By way of example, FIG. 21 illustrates an 
alternative form of autozero circuit using a single differentia l 5 

amplifier rather than the two of the previous embodiment. In 
FIG. 21, a differential transistor pair M1 and M2 each have a 
drain current I 1 and a common source connection having a tai l 
current of21 1 . Either the drain currents or the tai l current can 
be control.led by a common mode voltage controlled current 10 

source to achieve the desired common mode input to the gates 
of the transistors M1 and M2. Note that this common mode 
voltage is unrelated to, and can be fixed and very different 
from, the common mode input to the amplifier system, the 
difference being the voltages across capacitors Caz1 and 15 

Caz2. 
Clock phases cj> 1 and cj>2 are the chopper clock phases. Dur­

ing autozeroing, clock phases cj> 1 and 412 are low and the clock 
phase <j>3 is high. Note tha t if the two drain currents I 1 are not 
perfectly matched, that mismatch. itself, will a lso cause an 20 
offset in the differential pair of transistors M1 and M2. How­
everthat offset is also autozeroed by the foregoing process so 
that a perfect match ofU1e two d.ra.in current sources 11 is not 
required. 

In any autozero circuit, the input to the input stage is 25 

periodically disconnected and then shorted, with the offset 
tlJen being stored on one or more capacitors for subtraction 
from the signal path between autozeroing operations. In the 
embodiments ofFIGS. 5, 7, 9 and 11-13, a second amplifier is 
used, wi th the net input offset of both amplifiers gm1 and gm2 30 

being stored on the capacitors on the input to the second 
amplifier. The offsets arc cancelled by the second amplifier 
having a current output opposi te the current output of the 
diJferential input stage wben the iuputofthe differential input 
stage is shorted. In the embodimelll of FIG. 21, onJy one 35 

differential amplifier is used for the autozero operation, with 
theautozeroing being done by appropriately charging capaci­
to rs in series with the differential amplifier input. 
Clock Generation 

The clock phase tj>3 can be thought of as theautozero phase, 40 

while the clock phase cj> 1 and <j>2 can be (broadly) thought of as 
the two chopper phases. One complication that arises in the 
circuits ofFIG. ll and FIG. 12 is tllat onJy one of the sets of 
switches corresponding to a particular clock phase ( <1> 1• cj>2 or 
<j>3 ) is allowed to be closed at a ny particular time. C losing two 45 

or more sets of switches will cause short circuits between the 
various nodes of the circuit. In order to guarantee this break­
before-make behavior, the switches need to be driven by 
non-overlapping clock phases. 

A prior art circuit for generating two-phase non-overlap- 50 

ping clock signals is shown in FlG. 15 (see "Principles of 
CMOS Design", N. H. E. Weste and K. Eshraghian, Stlction 
5.5.1 0. Addison-Wesley, 1 993). 

It generates the two non-overlapping clock phases cj> 1 
1 and 

cj>2
1 from the potentially overlapping input clock phases $1 and 55 

h This process is illustrated in FIG. 16. 
Operation of the circuit is as follows (assll1lling for sim ­

plicity that all gates are delay free. except for the inverters I3 
and 14). With clock phase 41 1 low and clock phase 412 high, the 
output clock phases tj> 1

1 and cj>2
1 will also be low and high 60 

respectively. When the two input clock phases <j> 1 and <1>2 
change states (<1> 1 transitiouing ro high and <1>2 to low). output 
cj>2

1 will change almost instantaneously (see FIG. 16). This 
direct output response occurs because when the input 412 to 
nand gate N1 goes low, its output will go high, regardless of 65 

the state of the other input to the nand gate. During the same 
transit ion (<1> 1 to high and 412 to low), omput 4l1

1 will respond 

10 
with a delay. One input of the nand gate N2 is held low by 
inverter 13. With one input low, the output of nand gate N2 
will no t change its output. independently of the state of the 
otller input that is connected to input clock phase cj> 1• Only 
when tbe output of 13 changes, will the output of nand N2 
change. and hence output <j> 1 

1
• Note that inverters 13 and 14 are 

assumed to exhibit noticeable delay. whereas all o ther gates 
are delay-free. The resulting output clock phases 41 1

1 and $2
1 

are shown inFlG. l 6.As indicated before,outputcj>2
1 responds 

directly to the falling edge of 4l2 • while clock phase 41 1
1
, tracks 

the rising edge of input 41 1 with a slight delay. Note how the 
resul1ting output phases $1

1 and 412
1 are never on at the same 

time (break before make) 
The next change ofi.nput state, input clock phase <1> 1 will go 

low again, and input c lock phase $2 high. The process 
reverses, and in this case the o utput cj> 1 

1 responds di rectly to the 
falling edge of cj>2, while clock phase 41,1 tracks the rising edge 
of input $1 with a sligbt delay. This timing again avoids 
overlap of the two output clock signals $ 1

1 and 412
1

• Note in 
FIG. 16 how the output clock phases always respond directly 
to a fall ing edge of the corresponding input clock phase. 
whereas rising edges are tracked with a slight delay. 11lis 
timing property is f1mdamental to producing the two non­
overlapping clock signals cj> 1 

1 and <j>2
1

• 

FJG.17 extends the operation oft be non-overlapping clock 
generatoro f FIG.15 to the three specific clock phases of FIG. 
14. Ln the preferred embodiment, the three timing signals 
input to the circuit of FIG. 17 are generated by a simple state 
machine. and may be overlapping. 

In this case, the circuit needs to make sure that none of the 
three output clock phases <1> 1

1
, <j>2

1 and <j>3
1 will ever be high at 

the same time. Operation is similar to that of the circuit in 
FIG. 15 and il lustrated in FIG. 18. 

For simplicity, all components are assumed to be delay­
free again. except for the inverters 14. 15 and 16. 

When the input clock phase 413 is low, the output of inverter 
14 is high, and the circuit parr consisting of the nand gates N2 
and N3, and inveners 12, 13, 15 and 16 behave identically ro the 
prior art circuit in FIG. 15 . These six components create 
non-overlapping clock phases 4l1

1 and $2
1 from the two input 

clock phases cj>1 and cj>2 . Since clock phase cj>3 was low to begin 
with. the result is that only one output clock phase cj> 1

1
, h' or 

<j>3
1 will be high at a given time. 
When input clock phase <j>3 transitions high, the output 

clock phase4l3
1 will wait for both other inputs to the nand gate 

Nl to become high as well, before it follows input clock phase 
cj>3 in going high. The other two inputs of the nand gate N1 will 
go high-albeit with some delay- because both input clock 
phase<j>1 and<j>2 will below onceinputclock phase<j>3 bas gone 
high. TI1e delay is caused by one of the two inverters 15 and 16, 
depending on the state of the input clock phase <j> 1 and cj>2• If 
input clock pbasecj>1 was low before the input clock transi tion, 
it wi ll remain low. while input clock phase <1>2 goes from high 
to low. In this case the delay is caused by inverter IS. llwerter 
I6 becomes responsible for the delay in tlle sin1ation where 
input clock phase cj>2 starts off and remains low, while input 
clock phase 41 1 makes the high-to-low transition. TI1e delay 
belore the output clock phase cp3

1 goes high, resul ts in the 
non-overlap time for this clock phase. 

A bigh-to-low transition of input clock phase <i>J affects 
output clock phase cj>3

1 almost immediately, as it causes one 
input to the nand gate Nl (the one connected to input cj>3 ) to go 
low. One low input to the nand gate is sufficient to make the 
output clock phase cj>3

1 go low as welL regardless of the other 
inputs to the nand gate Nl. 
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Since the circuit of FIG. 17 is symmetrical around all of its 
input-output pairs <P/ $1', <PJ<I>2 ' and <l>/ $3 ', the same reason­
ing that applies to the pair <l>i<l>3 ' holds equally tor tl1e other 
two pairs. 

12 
represent a considerable die area penalty. Secondly, operating 
the switch will cause a major switching glitch in the signal 
path. This glitch is especial ly apparent while turning the 
switch on. In that case, device MR is closed. while node A is 

TI1e overall result of the timing in the circuit ofFIG. 17. is 
that the clock phase outputs $1' <j>2' aud <1>3' w ill follow any 
high-to-low transition of their respective illput clock phases 

5 sti ll at the ground potential v ss· With device MR closed. node 
A needs to be lifted all the way up to the common-mode 
voltage level at the illput terminal V.,,. The charge needed for 
this voltage jump is pulled from the input terminal V1", lead-<I> 1, <1>2 aud $3 directly, while a low-to-high transition is propa­

gated with a certain delay. FIG. 18 clearly shows how this 
delayed response to the rising edges creates the required three 1 o 
phase non-overlapping clock signals. Of course the circuit of 
FIG. 17 may in effect be realized using logical permutations 
accordingly to Bolean geometry to achieve the delay of each 
signal goillg to a first state ll!1tiltbe both the other signals are 
in the second state. 
Rail-to-Rail Input Switches 

ing to the switching glitch. 
The circuit of FIG. 20 alleviates the die size penalty and 

switchillg glitches associated with the prior art circuit of FIG. 
19. 

The c ircuit ofF] G. 20 uses only one gate-drivecapaci tor C1 
to drive the two input switch devices Ms1 and MS2. Since all 

t5 six input switches in FIG. 11 and FIG. 12 come ill tllree pairs 
that are driven by the same clock phase, this reduces the total 
muuber of capacitors from six to three. Tllis is not needed 
between stages. as the common mode voltage may be con-

When operating any of the circuits FIG. 5, FIG. 7. FIG. 9, 
FIG. 11 or FIG. 12 at a low supply voltage while requiring a 
rai l-to-rail input common-mode voltage range, the need 
arises for bootstrapped input switches. TI:tis need is especially 20 
felt when the supply voltage of the amplifier is lower then the 
sum of the threshold voltages of an NMOS and a PMOS 
device in the manufacturing process technology. Under these 
circumstances, we are not able to operate traditional comple­
mentary transmission gates at the inputs. 

trolled (limited) so a rai l to rail switching voltage may be used 
for these switches. 

The key modification to allow drivillg mul tiple switch 
devices with one bootstrap circuit is the use of voltage v em as 
a reference to lift gate-control capacitor C1 , instead of tl1e 
source of the switch device Ms in the prior art circuit of FIG. 

25 19. Disconnecting the sources of the switches MS1 and MS2 
from the bootstrap circuit has the added benefit of avoiding 
the switching glitch that arose in the prior art c ircuit of FIG. 
19. 

A transmission gate consists of the parallel co1mection of a 
PMOS and NMOS switch. each of which is operated by au 
opposite phase signal at its gate. To tum the transmission gate 
on, the gate of the NMOS device is pulled high, while the gate The key to successfully operating the switch devices Ms1 

and MS2 in FIG. 20 lies in generating the proper common­
mode voltage v e m• Tllis voltage v e m is derived through sotu·ce 
follower M.,vs from the voltage at tl1c sources of the input 
transistors Mp6 and MP7 of the overall amplifier c ircuit, Mp6 
and MP7 being the differential transistor pair in a differential 

of the PMOS device is pulled low. At supply voltages below 30 
the sum of the tlu-eshold voltages of tlle NMOS and PMOS 
device, an area in the middle of the common-mode voltage 
range of the switch will occur where neither of the two 
devices can develop enough voltage across its gate-source 
terminals to be turned on. 35 illput stage for the amplifier system. Because of this connec­

tion, the common mode voltage v em has two important prop­
erties: 

The altemative to a transmission gate is to use a single 
NMOS or PMOS device, with a gate drive voltage that can 
rise above (NMOS) or drop below (PMOS) tllesupply voltage 
of the circuit. FIG. 19 shows an example of a prior art boot­
strapped NMOS switch that uses a capacitor to increase the 
control voltage at the gate of t he switching device (see "Very 
low-voltage digital-audio 1:~ modulator witll88-dB dynamic 
range using local switch bootstrapping", M. Dessouky and A. 
Kaiser, IEEE J. Solid-State Circuits, vol. 36, no. 3. pp. 349-
355, March 200 I). 

Operation of the bootstrapped switch is as follows. While 
the input terminal elk is held low (switch t11med off), device 
M,v7 pulls down node G (gates of the switching transistor) 
through cascode device M,v6. Switch devices MR and MS are 

J. The voltage v e m will track tl1e minimwn of the two 
voltages at the gates of input transistors Mp6 and MP7. Th.is is 

40 due to the fact that the input device witl1 the lowest gate 
voltage, e.g. Mp6 , will start acting as a source follower, track­
illg tlle voltage at its gate with the source, while the other 
device (MP7 in this example) will be turned off by lack of a 
sufficiently high gate-source voltage V gs· In a typical ampli-

45 tier appl ication, the differential input will be minimal, so that 
the voltage vem will accurately reflect the common mode 
voltage of the differential input. Note also, that only one 
source follower MMl need be used for al l switches coupled to 
that differential illput. 

2. Because of source follower MMl, the common mode 
voltage vc, can never exceed the positive rail V 44• even if the 
tail current source of the input pai1· Mp6 and MP7 is connected 
to a voltage higher than the supply voltage V <1<1· A common 
sitttation where the input stage tai l current source is tied to a 

ill their off states. while capacitor C 1 is being charged to the so 
supply voltage by devices Mps and MM. Devices MPO and 
Mp1 are oiT. Stepping the control voltage elk high (turning the 
switch on). device MNO pulls down node E, and device Mp1 

will start to conduct current. Device Mp1 on its tum wil l 
connect the pre-charged capacitor cl between the gate and 
source of device Mil, which will also turn on. With devices 
MPl and MR ill their on states, the gate-source voltage of the 
switchillg device Ms equals the voltage Vdd stored on tlle 
capacitor C 1 • With its gate-source voltage V

8
s above the 

tllreshold voltage. the switch devices Ms will tum on. 

55 higher supply voltage thantheremainderoftJJeamplifier is in 
amplifiers that employ a charge-pump to obtain a rail-to-rail 
input common-mode range. The charge pump generates a 
boosted supply voltage for the illput stage, extendillg its com-
mon mode input voltage range. 

60 Because of these two po iJJts, tl1e circuit continues to guar-
Even though the voltages at node G and node B can rise 

significantly above tlle supply voltage (maximally twice V dd), 

safe operation of all devices is guaranteed. 
There are two apparent drawbacks of the prior art circuit in 

FIG. 19. The first is that the circuit requires a capacitor for 
each input switch. Since the disclosed circuits will be oper­
ating a to tal of six input switches. the six capacitors will 

antee safe operation of all devices in the circu it. The gate of 
the switching devices Ms 1 and M52 will never be pulled 
higher than one supply voltage V dd above the minimum of the 
two input voltages villp and vlnm· Consequently, the gate-

65 source voltages V ss of switchillg devices Ms 1 and MS2 cannot 
exceed the supply voltage VM Also, node E. which is con­
nected to v em when switch devices MNo and Mil arc closed, 
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cannot exceed the supply vol tage V dd· Tbis is critical to avoid 
forward biasing of the backgate diode of Mp3 • 

Operation of the circuit is similar to that of the prior art 
circui t in FIG. 19: when input terminal elk is low (switch 
turned oft), device Mm pulls down node G (gates of the 5 

switching transistors) through cascade M;v6. Switch devices 
Ms1 and MS2 are in their off states, while capacitor C1 is being 
charged to the supply voltage by devices Mp5 and M;v1 . 

Devices MPO and Mp1 are off. When the control voltage elk 
goes high (turning the switch on), device ~pulls down 10 
node E, and device Mp1 will start to conduct current. Device 
MPI in tmn will connect the pre-charged capacitor cl 
between the gate and source of device MR, which wi ll also 
turn on. With devices Mp1 and MR in their on states, the 
voltage at node G will be the common-mode voltage v em ph.ts t5 
the voltage V dd stored on the capacitor. The result is that the 
gate-source voltages V

8
" of the switch devices Ms1 a nd MS2 

wi ll rise above their threshold voltages and turn the two 
devices on. 

14 
the first chopper being coupled to tbe first and second 

differential inputs of the amplifier system; 
a first-switch having a first first-switch state coupling the 

differential inputs of the first differential amplifier to 
differentia l outputs of the first chopper, and a second 
first-switch state co1mecting tbediffereutial iuputs oft be 
first differential amplifier together: 

a second differential amplifier. the second differential 
ampl ifier having differential inputs, each connected to a 
circuit grotmd through a respective capacitance; 

differential outputs of the first and second differential 
amplifiers being coupled in common; 

an output amplifier having a n input coupled to an output of 
the second chopper; 

a second-switch having a first second-switch state coupling 
the common outputs of the first and second differentia l 
ampl ifiers to an input of the second chopper, and a sec­
ond second-switch state coupling the common outputs 
of Lbe first and second differential amplifiers to the dif­
ferential inputs of tbe second differential amplifier; 

the first and second switches operating at a first freq11ency 
and the choppers operating at a second frequency 
Lmequal to the first frequency. 

1l1e embodimeuts showu and described herein use differ- 20 
entia I amplifiers. It should be noted that a single ended ampli­
fier is functionally a differen6al amplifier with one input 
and/or one output connected to a circuit grotmd. Similarly, a 
chopper altemately reverses two inputs, independent of 
whether one is a circuit ground or not. According ly references 
herein and in tbe followiJlg claims to differential amplifiers is 

5 . The circuit of claim 4 wherein the second frequency is 
25 twice the first fi·equency, and the first and second frequencies 

each have a 50% duty cycle. 
a reference that includes amplifiers with one input and/or one 
output collllected to a circuit ground. i.e., commonJy referred 
to as single ended amplifiers. Also the embodiments shown 
and described herein are shown and described with respect ro 30 
MOS transistors, though other active devices may be used, 
such as, by way of example. bipolar transistors. 

6. The circuit of claim4 wherein the ftrst frequency is twice 
the second frequency, the second frequency having 50% duty 
cycle. 

7 . T he circuit of claim 6 wherein the first frequency has a 
dury cycle of less than 500~, whereby each half cycle of the 
choppers is intcrntptcd while the first differential amplifier is 
auto-zeroed. Thus the present invention bas a number of aspects, which 

aspects may be practiced a lone o r in various combinations or 
sub-combinations, as desired. While certain preferred 
embodiments of the present invention have been disclosed 
and described herein for purposes of illustration and not for 
purposes o f limitation, it will be understood by those skilled 

8. The circuit of claim 6 wherein the first frequency bas a 
35 duty cycle of not more than 25%, whereby each half cycle of 

the choppers is intermpted while the first differential ampli­
fier is auto-zeroed. 

in the an that various changes in form and detai l may be made 
therein without departing from the spirit and scope of the 40 

invention as defined by the full breadth of the Jollowing 
claims. 

What is claimed is: 
1. ln an amplifier system, a circuit comprising: 
a first differential amplifier; 
first and second choppers for chopping the input and the 

output o f tbe first differential amplifier, respectively; 
autozero circuitry coupled to the first differential amplifier 

for autozeroing the first differential amplifier; 
the autozero circuitry operating at a first frequency and the 

choppers operating at a second frequency, the first fre­
quency being twice the second frequency, the second 
frequency having a 50% duty cycle: 

the ftrst frequency having a duty cycle of less than 50% : 
each half cycle of the choppers being interntpted wbile the 

first difierential amplifier is auto-zeroed. 

45 

50 

55 

2. The circuit of claim 1 f·urtber comprising an amplifier 
having differential inputs coupled to the first and second 
di!Terential inputs of the amplifier system and M output 60 
coupled to the output amplifier. 

3. ll1e circuit of claim 1 wherein the first frequency bas a 
duty cycle of not more than 25%. 

4. In an amplifier system, a circuit comprising: 
a first differential amplifier; 
first and second choppers for chopping the input and the 

output of the first differential amplifier, respectively; 

65 

9 . The circuit of claim 6 further comprising: 
third and fourth differentia l amplifiers. the fourth differen­

tial amplifier having differential inputs, each connected 
to a circuit ground through a respective capacitance, 
differential outputs of the tbird and fourth differential 
amplifiers being coupled in common; 

the first-switch when in the first first-switch state also cou­
pling the different ial inputs of the thi rd diiJerentia l 
amplifier together and coupling the conunon outputs of 
the third and fourth differential amplifiers to the differ­
entia l inputs to tJ1e fourth differential amplifier; 

the first-switch when in the second first-switch state cou­
pling the difierential outputs of the first chopper to the 
differential inputs of the tbird differential amplifier and 
coupling the conunon differential outputs of the third 
and fourth differential amplifiers to the differential 
inputs of tbe second chopper. 

10. 1l1e circuit of claim 9 further comprising an ampl ifier 
having differential inputs coupled to the first and second 
differential inputs of the amplifier system and an output 
coupled to the output amplifier. 

11 . The circuit of claim 6 wherein: 
the first and second switches and the first and second chop­

pers comprise third, fourth and fifth switches, each hav­
ing an open and a closed state: 

the first differential input of the amplifier system being 
collllectable to a first differential input of the first differ­
ential amplifier by !bird and fifth switches. and to a 
second differentia.! input of the first differential amplifier 
by tJ1e fourth and fifth switches; 
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the second differential input of the amplifier system being 
coJmectable to the first differential input of the first 
differential amplifier by the fourth switch, and to the 
second differential input of the first differential amplifier 
by the third switch; 5 

a first common connection of the outputs of tl1e first and 
third diflerential amplifiers being collllectable to a first 
differential input of the differential output amplifier 
through the third switch and to a second diflerential 
input to the differential output ampl ifier through the 10 

fourth switch: 
a second common connection of the outputs of the first and 

second differential amplifiers being com1ectable to a 
first input ofthe differential output amplifier through the 
fourth switch and to a second input to the differential 15 
output amplifier through the third switch; 

the cotlli110n coru1ection of the differential outputs of the 
first and second differential amplifiers being connect­
able to the differential inputs of I he second differential 
ampl ifier by tbe fifth switch. 

U . The amplifier of claim 11 wherein the output amplifier 
is a multiple stage amplifier. 

20 

13. The circuit of claim 11 further comprising a third 
amplifier having differential inputs coupled to the d ifferential 
inputs of the amplifier system and an output coupled to the 25 

output ampljfier. 
14. Tbe circuit of claim 11 wherein the third switches are 

all closed at the same time, but not when the fourth and fifth 
switches are closed. the fourth switches are all closed at the 
same time, but not when any ofll1e ll1ird and fifth switches are 30 

closed. and the fifth switches are all closed at the same time, 
but not when any of the third or fourth switches arc closed, 
whereby the switch operation is nonoverlappiJlg. the fifth 
switches being closed at the firs t freq uency witb a duty cycle 
of less than 50%, the third switches being closed at a second 35 

frequency with a duty cycle of approximately 50%, except as 
interrupted for the closure of the fifth switches, and the fourth 
switches being closed at the second frequency with a duty 
cycle of approximately 50%. except as intermptcd for the 
closure of tile fifth switches. 40 

15. The amplifierofclaim 14 wherein the fifth switches are 
closed with a duty cycle of not more 25%. 

16. Tile amplifier of claim 14 wilerein the output amplifier 
is a multiple stage amplifier. 

17. The circuit of claim 14 further having third and fourth 45 

differential inputs of the an1plificr system forming a second 
differential input port, and further comprising: 

16 
amplifier having diflerential inputs coupled to the third and 
fourth differential inputs of the amplifier system and an out­
put coupled to the output ampl.ifier. 

19. The circuit of claim14 further comprising: 
a timing circuit for providing three output timing signals 

for controll ing the timing of l11e ll1ird, fourth and fifth 
switches respectively, the output timing signals having 
first and second states and being nonoverlap ping in the 
second state, the three output timing s ignals being pro-
vided from three input signals of first and second states, 
any of which input signals may overlap in the second 
state, comprising: 

logic coupled to delay the change of a first output timing 
signal to the second state response to a changeofthe first 
input signal to the second state until after both second 
and third output signals arc in the first state; 

logic coupled to delay the change of a second output timing 
signal to the second state response to a change of the 
second input signal to the second state until after both 
firs t and third output signals are in the ftrst state; and, 

logic coupled to delay the change of a third output timing 
signal to the second state response to a change of the 
third input signal to the second state until after boU1 first 
and second output signals are in the first state. 

20. The circuit of claim 19 further comprising: 
switcb drive circuits for driving tl1e third, fourth and tlfth 

switches on the firs t and second differential inputs to the 
amplifier system to control their on and off states, 
respectively, each drive circuit being responsive to a 
respective output timing signal of the timing circuit, to 
control the on and ofT states of the third, fourt h and fifth 
switches, respectively; 

circui try forconnectinga first lead of a capacitorto a power 
supply voltage, a second capacitor lead to a circuit 
ground and holding tile respective switch in the ofl" state 
wben the respective output timing signal is its first state; 
and, 

c ircui try for connecting the second lead ofthe capacitor to 
a voltage responsive to a common mode voltage of the 
firs t and second differential inputs of the amplifier sys­
Iem and connecting the first capacitor lead to a control 
voltage for the respective switch when the circuit is 
clocked by a respective output timing signal; 

whereby the control voltage for tuming on the switches is 
approximately one power supply vo I tagc above the com­
mon mode voltage of the first and second differential 
inputs of the amplifier system, independent of what the 
common mode voltage is. a third differential amplifier having Hrst and second differ­

ential inputs; 
the third differential input of the amplifier system being 

collllectable to the first differential input of the third 
differential ampl ir1cr by lllird and fift11 switches, and to 
the second d ifferential input of the thi rd differential 
amplifier by the fourth and fifth switches; 

21. A method of operating a chopper stabilized first ampli-
50 fier, the chopper stabilized first amplifier having an auto­

the fourth di fferential input of the amplifier system being 55 
collllectable to the first differential input of the third 
differential amplifier by the fourth switch and to the 
second differential input of the third differential ampli­
fier by the l11ird switch; 

difl'erential outputs of the third differential amplifier being 60 
coupled in common with the differential outputs of the 
firs t and second differential amplifiers. 

18. The circuit of claim 17 further comprising fourth and 
fifth differential amplifiers, the fourth differential amplifier 
having differential inputs coupled to the first and second 65 

differential inputs of the amplifier system and an output 
coupled to the output amplifier, and U1e fifth differential 

zeroing capability comprising: 
opcrat ing the chopper sta bi 1 izati on at a first freq ucncy; and, 
operating the auto-zeroing at a second frequency; 
the ratio of the frequencies being two to one; 
the second frequency being twice the first frequency and 

having a duty cycle of less than one half. 
22. A method of operating a chopper stabilized first ampli­

fier, the chopper stabilized first amplifier having an auto­
zeroing capability comprising: 

operating thechopperstabilizationat a first frequency: and, 
operating the auto-zeroing at a second frequency; 
the ratio of the frequencies being two to one; 
the second frequency having a duty cycle of not more than 

one-quarter. 
23. A method of operating a chopper stabilized first anlpli­

fier. the chopper stabilized first amplifier having an auto­
zeroing capability comprising: 

ANALOG EXHIBIT 1002 
Page 46 of 297



US 7,973,596 B2 
17 

operating thechopperstabilization at a first frequency; and, 
operating the auto-zeroing at a second frequency ; 
the ratio of the frequencies being two to one; 
after each cycle of the chopper stabilization of the first 

amplifier, chopper stabilizing a second amplifier using 5 

the same choppers; 
auto-zeroing the second amplifier while the first amplifier 

is being chopper stabilized; and, 
auto-zeroing the first amplifier while the second amplifier 

is being chopper stabil ized: 10 
the outputs of the first and second amplifiers being con­

nected in common. 
24. A method of operating a chopper stabilized first ampli­

fier, the chopper stabilized first amplifier having an auto­
zeroing capability wherein the chopper stabilized first ampli- t5 
tier bas first. second and third pluralities of open and closed 
switches, the first and second switches being coupled as input 
and output chopper switches and the third switches being 
coupled as auto-zero switches, wherein the first switches are 
all closed at lhe same time, but nor wben the second and third 20 
switches are closed, the second switches are all closed at the 
same time. but not when any of the first and third switches are 
closed, and the third switches are all closed at the same time, 
but not when the first or second switches are closed, whereby 
the switch operation is nonoverlapping, the third switches 25 
being closed at a first frequency with a duty cycle ofless than 
50%, the first switches being closed at a second frequency 
equal to one half the first frequency with a duty cycle of 
approximately 50%. except as intermpted for the closure of 
the third switches, and the second switches being closed at the 30 
second frequency with a duty cycle of approximately 50%, 
except as intcrmptcd for the closure of the third switches: 

operating the fu-st and second switches at a first frequency; 
and, 

operating the third switches at a second freq11ency; 35 
the ratio of the freq~uencies being r-.vo to one. 
25. The method of claim 24 wherein the third switches are 

closed with a duty cycle of not more 25%. 
26. 111e method of claim 25 wherein the output amplifier is 

a multip le stage amplifier. 40 

27. The method of c laim 24 wherein the first amplifier has 
first and second differential inputs and further comprising: 

18 
controlling, responsive to a clocking signal, 1he on and off 

states of switches controlling the connection oft he first 
and second differential inputs to differential amplifier 
system inputs and to themselves, the ditTerential ampli­
fier system inputs having a common mode voltage. com­
prising, for each pair of switches: 

connecting a first lead of a capacitor to a power supply 
voltage. a second capacitor lead to a circuit ground and 
ho lding the switches in the off state when the switch 
control circuit is not being clocked by one of a fust, 
second or third timing signal; and, 

connecting tbe second lead of the capacitor to a voltage 
responsive to the common mode voltage and connecting 
the first capacitor lead to a control voltage when the 
circuit is clocked by the respective first, second or third 
timing signal; 

whereby the control voltage for turning on the switches is 
approximately one power supply voltage above the com­
mon mode voltage, independent of what the common 
mode voltage is. 

28. The method of claim 27 further comprising: 
providing the first, second and third timing signals. each 

having fust and second states correspond ing to switch 
on and off states, the three timing signals being uonover­
lapping in the first state from three input signals of first 
and second states, any two of which may overlap i11 the 
first state by; 

delaying the change of the first timing signal to the first 
state response to a change of the first input signal to the 
first state un.til after both the second and the third timing 
signals are in the second state; 

delaying the change of the second timing signal to the first 
state response to a change of the second input signal to 
the fu-st state until afier both the first and the third output 
signals are in the second state; and, 

delaying the change of the third timing signal to the first 
state response to a change of the third input signal to the 
first state tmtil after both the first and the second output 
signals are in the second state. 

* * • * * 
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1 . 

LOW-NOISE, LOW-POWER, LOW DRIFT OFFSET CORRECTION 

IN OPERATIONAL AND INSTRUMENTATION AMPLIFIERS 

BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention relates to the field of 

operational and instrumentation amplifiers. 

2. Prior Art 

One of the key performance specifications of an 

operational amplifier is its DC error or offset voltage. The 

10 offset voltage limits the ability of the amplifier to resolve 

15 

small DC input voltages. The total offset voltage is usually 

specified assuming a single source of error at the input 

terminals. The value of this imaginary voltage source 

represents the input referred offset voltage of the 

amplifier. The significance of this parameter lies in the 

fact that the amplifier will not be able to resolve any DC 

voltages at its input that are smaller than the input 

referred offset voltage. 

In monolithically integrated operational amplifiers, the 

20 input referred offset voltage (also called input offset, 

offset voltage or just offset for short) is mostly due to 

statistical mismatch between critical components in the 

circuit. Commonly, these critical components include the 

2 
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input stage transistors, but other devices may contribute 

significantly to the offset as well. Typical offset voltages 

due to component mismatch lie in the order of several 

millivolts. 

In the past, many techniques have been proposed and 

implemented to limit the effect of statistical mismatch on 

the input referred offset voltage. These techniques fall 

into one of two categories (see "Circuit Techniques for 

Reducing the Effects of Op-Amp Imperfections: Autozeroing, 

10 Correlated Double Sampling, and Chopper Stabilization", C.C. 

15 

20 

Enz and G.C. Ternes, IEEE J. Solid-State Circuits, vol. 84, 

Nov. 19 9 6, pp. 15 8 4-1614) . 

1. Chopper Stabilization 

2. Autozeroing 

The following will address each of these techniques, 

along with their respective advantages and disadvantages. 

Chopper Stabilization 

Chopper stabilization relies on periodically swapping 

the signal paths for the negative and positive input 

terminals of the amplifier. On average, this causes the 

offset between the two terminals to even out (see "Circuit 

Techniques for Reducing the Effects of Op-Amp Imperfections: 

Autozeroing, Correlated Double Sampling, and Chopper 
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Stabilization", C.C. Enz and G.C. Ternes, IEEE J. Solid-State 

Circuits, vol. 84, Nov. 1996, pp. 1584-1614). Figure 1 shows 

the block diagram of a chopper stabilized amplifier. 

The input referred offset voltage of the input stage gm1 

5 is represented by voltage source Vas· The behavior of the 

choppers is to multiply their input signal by +1 or -1, 

depending on the state of clock phase ~2 • In the case of a 

differential signal (e.g. chopper chop1 ), multiplying by -1 

simply means swapping the input signals. Multiplying by +1 

10 indicates direct connections between inputs and outputs. 

15 

Note how for one clock phase the input offset source Vas 

will cause a negative error voltage at the output, while for 

the other phase the effect will be a positive voltage. The 

net output error voltage, averaged over time, will be zero. 

For the input signal the situation is different. In 

this case the signal passes to both choppers chop1 and chop2 , 

and the polarity of the output signal will not change. 

Therefore, the output signal will consist of the unmodified 

input signal, and a ripple voltage caused by chopping by 

20 chopper chop2 of the input offset voltage Vas· 

Alternatively, in the frequency domain the choppers chop1 

and chop2 can be regarded as multipliers or mixers, shifting 

the input frequencies by the chopper frequency ~h~· From 
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this point of view, chopper chop1 will convert up a DC input 

signal to the chopper frequency f~~- Input stage gm1 will 

then amplify the resulting signal at fchcpr while chopper chop2 

converts the signal back to DC. Note that the DC input 

5 signal reappears as a DC signal at the output of chopper 

10 

15 

20 

This is because at this point the signal has passed 

through two choppers, implementing up and down conversion of 

the input signal. 

The situation for the offset source V 05 is different, 

however. Since there is only one chopper between the offset 

source Vas and the output, the DC offset voltage Vas will get 

up converted to the chopper frequency f~~ at the output. By 

low pass filtering (or averaging) the output the effect of 

the offset source V 05 can then be eliminated. 

Besides to the DC offset, the same frequency up 

conversion applies to any 1/f or low frequency noise of input 

stage gml. Therefore, the 1/f noise is shifted out of the 

signal band in the same way the DC offset is. 

The gain stages gmlr gn,4 and gms comprise the chopped 

signal path. Since DC offset is - by definition a low-

frequency phenomenon, the chopped signal path does not 

require a very high bandwidth. Instead, the parallel input 

stage gm3 is added to the circuit to deal with high frequency 

signals. Together, input stages gm1 and gm3 handle the entire 
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spectrum from DC up to the bandwidth of the amplifier. 

Capacitors Cm1 and Cm2 implement frequency compensation to 

ensure stability when applying feedback to the amplifier, as 

well as a smooth transition between the high and low 

frequency portions of the amplifier gain. This frequency 

compensation setup is based on Multipath Nested Miller 

Compensation (see "Frequency Compensation Techniques for Low­

Power Operational Amplifiers", R. Eschauzier and J. Huijsing, 

section 6.1, Boston, MA: Kluwer, 1995., section 6.1, Boston, 

10 MA: Kluwer, 1995). 

A significant benefit of the chopping technique, besides 

its effectiveness in reducing offset and 1/f noise, is that 

the noise power density spectrum (PSD) at low frequencies 

approaches the thermal noise limit of the amplifier without 

15 choppers. 

The main disadvantage of chopping is that the output 

spectrum of the chopper stabilized amplifier will show a 

sharp peak around the chopper frequency fchop (Figure 2). 

This noise peak is caused by the up conversion of the 

20 offset voltage and 1/f noise of the input stage gm1 , and 

corresponds to the ripple voltage at the output of the 

amplifier in the time domain. 

6 
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Auto zeroing 

Autozeroing includes techniques that calibrate out the 

input offset by measuring the offset, storing it into some 

kind of internal memory, and then compensating for the error 

during normal operation. This process is very similar to 

zeroing a weighing scale for example. The moment of 

calibration can be during manufacturing, in which case the 

measured offset needs to be stored onto a non-volatile 

memory, to ensure that the measured offset value does not 

disappear after the part is powered down. Alternatively, the 

autozeroing can be performed during normal operation, by 

periodically interrupting the signal path for a brief 

calibration. In this case, the measured voltage needs to be 

retained for a short amount of time only, allowing the use of 

volatile memory, or even a capacitor to store the value. The 

advantage of autozeroing during normal operation is that as 

the offset of the amplifier shifts, e.g. due to temperature 

changes or aging, the autozeroing will track the changes and 

continue to compensate for it. Autozeroing during 

20 manufacturing does not compensate for varying conditions, and 

is therefore susceptible to offset drift. 

Figure 3 shows the simplified block diagram of an 

amplifier using autozeroing to reduce its offset. 

7 
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It comprises of input stage gm1 with its associated input 

referred offset voltage source Vas. The switches 51 and 52 T 

transconductor gm2 and capacitor Ci implement the autozero 

function. When clock phase ~1 is high (autozero), switch 5 1 

shorts the input terminals of input stage gm1 • Switch 5 2 

closes a feedback loop around stage gm2 , which forces the 

output voltage of input stage gm1 to zero. After the feedback 

loop settles, the voltage on autozero capacitor Ci counteracts 

the input referred offset voltage Vas· 

The moment clock phase ~1 goes low (normal operation), 

switch 5 2 opens the feedback loop around transconductor gm2 • 

Because of the high input impedance of transconductor gm2 , the 

voltage across the autozero capacitor Ci remains constant 

(sample-and-hold), and continues to compensate for the offset 

15 voltage Vcs· 

With clock phase ~1 low, input switch 5 1 goes from 

shorting out the input stage gm1 to directly connecting the 

input terminals of the amplifier to the input stage gm1 • 

Input stage gm1 now operates as a normal input stage, 

20 connected between the input terminals of the amplifier and 

the subsequent gain stages gm4 and gm5 • As a result of the 

calibration in the previous clock phase, the small current I 2 

that transconductor gm2 adds to the output current of input 

stage gm1 exactly compensates for the error current at the 
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output of gml due to offset voltage Vas· In other words, the 

autozero current I 2 effectively eliminates the input referred 

offset voltage Vas of the amplifier. 

Besides eliminating DC offset, the autozero process is 

also very effective against low-frequency or 1/f noise. This 

noise component can be regarded as a slowly varying offset 

voltage, and as long as the amplifier is autozeroed with 

short enough intervals, any 1/f noise will be removed in the 

same fashion DC offset is. 

The autozeroed amplifier in Figure 3 separates high and 

low frequency signals and processes them through two parallel 

signal paths, as was the case with the chopper stabilized 

amplifier of Figure 1. The gain stages gml, gm4 and gms 

comprise the low-frequency autozeroed signal path, while the 

15 parallel input stage gm3 deals with high frequency signals. 

Capacitors Cml and Cm2 again implement Multipath Nested Miller 

Compensation (see "Frequency Compensation Techniques for Low­

Power Operational Amplifiers", R. Eschauzier and J. Huijsing, 

section 6.1, Boston, MA: Kluwer, 1995., section 6.1, Boston, 

20 MA: Kluwer, 1995), ensuring stability and a smooth frequency 

response. 

Although autozeroing according to Figure 3 is a simple 

and effective method to reduce the input offset, it greatly 

deteriorates the noise properties of the amplifier due to a 

9 
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process called wide-band noise sampling (see "Circuit 

Techniques for Reducing the Effects of Op-Amp Imperfections: 

Autozeroing, Correlated Double Sampling, and Chopper 

Stabilization", C.C. Enz and G.C. Ternes, IEEE J. Solid-State 

5 Circuits, vol. 84, Nov. 1996, pp. 1584-1614). 

Wide-band noise sampling, which is inherent to any 

sample-and-hold action, is caused by the fact that the 

instantaneous noise value at the output of input stage gm1 

(and also autozero stage gm2 ) is sampled by autozero capacitor 

10 Ci and held for the entire period that ~1 is low (normal 

operation) . The sampling of the noise takes place by switch 

S 2 and capacitor Ci, which are both components with a 

bandwidth that far exceeds the bandwidth of the amplifier. 

Therefore, the noise is sampled with a very high bandwidth, 

15 which results in a corresponding high rms value (or standard 

deviation cr) of the sampled noise voltage in the time domain. 

As a result, the sampled voltage on autozero capacitor Ci at 

the end of each autozero period shows a significant random 

variation. This variation causes a random input referred 

20 offset voltage that changes at the end of each autozero 

interval, and is then kept constant throughout an entire 

period of normal operation. 

10 
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In the frequency domain, this wide-band noise sampling 

causes an increase in the noise floor for low frequencies 

(see Figure 4). 

The corner frequency roc of this elevated noise band is 

5 set by the bandwidth of the autozero loop through 

transconductor gin2f switch s2 and autozero capacitor ci and 

equals gm21 ci. 

In the circuit of Figure 3, there is also another, 

second, source of wide-band noise sampling. This is due to 

10 the sample-and-hold action of switch S 2 and the integrating 

capacitor Cw2 during the autozero period. As a result, the 

noise floor beyond the corner frequency of the autozero loop 

will also be higher compared to the thermal noise limit of 

the amplifier without autozeroing. The bandwidth of this 

15 sampled noise spectrum is approximately equal to the 

frequency at which the amplifier is autozeroed (and lies 

beyond the maximum frequency on the X-axis of Figure 4.) 

The noise power spectral density (or PSD) of the overall 

amplifier is shown in Figure 4. Due to the multiple sample-

20 and-hold actions in the circuit, the overall noise density is 

significantly higher than the thermal noise limit of the 

circuit without autozeroing. For low frequencies, the noise 

increase is especially noticeable, and in practice can be a 

factor 10 or more. Note that compensating for this elevated 
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noise level by lowering the thermal noise of gml (and gm2)r 

would mean that the currents in these stages will have to go 

up by the same factor 10. In many cases such a large supply 

current increase will turn out to be an unacceptable impact 

5 to the total power budget of the amplifier. 

12 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a block diagram of a Prior Art chopper 

stabilized amplifier. 

Figure 2 illustrates the Noise Power Spectral Density 

5 (PSD) of a Prior Art chopper stabilized amplifier. 

10 

Figure 3 is a block diagram of a Prior Art autozeroed 

amplifier. 

Figure 4 illustrates the Noise PSD of a Prior Art 

autozeroed amplifier. 

Figure 5 is a block diagram of one circuit combining the 

advantages of chopping and autozeroing in a single amplifier. 

Figure 6 illustrates the Noise PSD of the amplifier of 

Figure 5 with both chopping and autozeroing. 

Figure 7 is a block diagram of an Amplifier combining 

15 chopping and autozeroing with a ping-pong autozeroed input 

stage. 

Figure 8 illustrates the Noise PSD of the amplifier with 

ping-pong autozeroing. 

Figure 9 is a block diagram of an Amplifier combining 

20 chopping and autozeroing with reduced wide-band noise 

sampling. 

13 
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Figure 10 illustrates the Noise PSD of the chopped and 

autozeroed amplifier with improved clocking scheme of Figure 

9 . 

Figure 11 is a block diagram of a Simplified chopped and 

5 autozeroed amplifier. 

10 

Figure 12 is a block diagram of a Chopped and autozeroed 

amplifier using Multipath Hybrid Nested Miler Compensation. 

Figure 13 is a block diagram of an Instrumentation 

amplifier with chopping and autozeroing. 

Figure 14 illustrates the Clock phases of the chopped 

and autozeroed amplifier of Figure 13. 

Figure 15 presents a Prior Art Circuit for generating 

two-phase non-overlapping clock signals. 

Figure 16 illustrates the two-phase non-overlapping 

15 clock signals of the Prior Art circuit of Figure 15. 

20 

Figure 17 presents a circuit for a three-phase non­

overlapping clock generator. 

Figure 18 illustrates the three-phase non-overlapping 

clock signals for the circuit of Figure 17. 

Figure 19 presents a Prior Art circuit for a 

Bootstrapped input switch circuit. 

14 
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Figure 20 presents a circuit for an improved 

bootstrapped switch with reduced switching glitch and die 

area. 

Figure 21 illustrates an alternative form of autozero 

5 circuit using a single differential amplifier. 

15 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

In the attached drawings, for reference, in instances 

where it matters, all switches are shown in states for a 

respective low control signal. In that regard, the word 

5 switch is used herein and in the following claims in both the 

singular and the plural sense, and in the sense to include an 

on/off switch or switches, and switches that alternately 

connect one line to either of two other lines. However when 

used in the plural sense, each such switch is responsive to 

10 the same control signal. Also the word amplifier as used 

herein means an amplifier of one or more stages, and may 

include frequency compensation. 

Table 1 summarizes the properties of the chopping and 

autozeroing techniques for reducing the DC offset and 1/f 

15 noise of an amplifier. 

Advantage Disadvantage 
Chopping Low-noise Output ripple 

Auto zeroing No output Wide-band noise 
ripple sampling 

Table 1. Properties of chopping and autozeroing. 

Clearly, each of the techniques has its own set of 

advantages and disadvantages. Chopping results in low noise, 

but causes a significant output ripple, while autozeroing 

20 suffers from wide-band noise sampling, and hence high noise, 

but does not generate a ripple at the output. 

16 
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Ideally, we would like to find an alternative approach 

that combines the advantages of chopping and autozeroing, 

i.e. low noise and small output ripple. 

first attempt at such a technique. 

Figure 5 shows a 

The circuit consists of autozeroed input stage gm1 that 

is "embedded" between the two choppers chop1 and chop2 • The 

order of operation of the various parts is as follows. When 

clock phase ~1 is high, input stage gm1 is being autozeroed by 

switch 5 2 , transconductor gm2 and autozero capacitor Ci. When 

10 clock phase ~1 goes low, input stage gm1 enters normal 

operation, while the output current of transconductor gm2 

15 

compensates for its input referred offset Vas· During this 

half cycle of normal operation, the two choppers chop1 and 

chop2 will go through a full clock cycle ~2 , averaging out any 

remaining offset of autozeroed input stage gm1 • The cycle 

repeats by clock phase ~1 going high again, entering the 

amplifier into autozero. 

At first sight, the circuit of Figure 5 seems to have 

many advantages over only chopping or only autozeroing. 

20 Because the offset Vas of gm1 is already autozeroed, chopping 

by chopper chop2 does not introduce any output ripple. Also, 

because the choppers shift any low-frequency noise of the 

autozeroed input stage gml to the chopper frequency fchapr the 

effect of the wide-band noise sampling by autozero capacitor 

17 
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Ci, is greatly eliminated. This can be seen in the noise it 

is shifted to the PSD of Figure 6. 

Clearly, the low frequency noise resulting from the wide 

band noise sampling by autozero capacitor Ci, is shifted to 

the chopper frequency f~~· Finally, since both the 

autozeroing and chopping contribute to reducing the offset, 

the resulting input referred offset can be much lower than by 

using chopping or autozeroing alone. 

The noise PSD of Figure 6 also shows the main 

10 disadvantage of the combined autozeroed and chopped circuit 

of Figure 5. Notice how the overall noise floor is raised 

significantly above the thermal noise limit of the amplifier. 

This elevated noise floor is entirely due to the sample-and-

hold action of switch 5 2 and Miller capacitor Cm2 • While the 

15 input stage is being autozeroed (clock phase $1 is high), the 

normal signal path is being interrupted. During this time, 

the voltage across Miller capacitor Cm2 , holding the value at 

the time switch S2 opened, will determine the output voltage 

of the amplifier. The sample-and-hold effect of switch S2 

20 and Miller capacitor Cm2 again gives rise to wide-band noise 

sampling. It can raise the overall noise floor by a factor 

10 or more, all the way up to the autozero frequency faz 

(which is beyond the range on the x-axis of Figure 6) . 

18 
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A simple way to avoid the wide-band noise sampling in 

the circuit of Figure 5 is shown in Figure 7. 

Here, the input stage of the amplifier is implemented 

using two independent transconductors gmla and gmlb in a so-

called ping-pong setup. The two input transconductors are 

alternately being autozeroed. While one transconductor is in 

its autozero mode, the other will provide a signal path 

between the input terminals and the intermediate stage gm4 , 

and vice versa. As a result, the normal signal path will 

10 never be interrupted, and no wide-band noise sampling takes 

15 

place on the Miller capacitor Cm2. 

noise PSD in Figure 8. 

This is apparent from the 

For low frequencies, the noise of the ping-pong circuit 

is identical to the thermal noise of the amplifier without 

chopping and autozeroing. The noise bump due to the 

autozeroing of gmla and gmlb is shifted to the chopper 

frequency fchop by the two choppers chop1 and chop2 , as was the 

case in the circuit of Figure 5. 

Although the noise PSD of Figure 8 approaches the ideal 

20 of low-noise and low output voltage ripple, this performance 

comes at a considerable price in terms of die area and power 

consumption. Because of the ping-pong structure, the input 

stage almost doubles in size and supply current. Since both 

area and supply current of the input stage are key in 

19 
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obtaining a low thermal noise floor, the die size and power 

penalty of doubling the input stage will be unacceptable in 

many practical cases. 

An alternative approach to combining the advantages of 

5 chopping and autozeroing, without the die size and power 

penalty of a ping-pong autozeroed input stage, is shown in 

Figure 9. 

This circuit is similar to the circuit of Figure 5, but 

employs a modified clocking scheme. Instead of the autozero 

10 clock phase ~1 running at half the chopping frequency f~~, it 

15 

20 

now operates at twice the chopping frequency f~~· Also, the 

duty cycle is such, that the autozero time is substantially 

shorter than the time the input stage provides a normal 

signal path. Thus the duty cycle of ~1 is preferably less 

than 50%, and is more preferably not more than 25%. The 

result is that each half cycle of the choppers is interrupted 

by the auto-zeroing, though for less than one half of each 

half cycle of the chopping. This is also preferred for the 

embodiments of Figures 11, 12 and 13. 

By placing the autozero pulse in the middle of each half 

cycle of the chopper clock phase ~2 , chopper ch~2 will average 

out any residual offset after autozeroing in the time between 

two autozero pulses. This residual offset averaging stems 

20 
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from the fact that during a period between two autozero 

pulses, the signal is passed through chopper chop2 directly 

and with reversed polarity with the same duration. 

The modified clocking scheme substantially reduces the 

5 wide-band noise sampling by switch 5 2 and Miller capacitor 

~2 • Even though the hold voltage on Miller capacitor ~2 

after opening 5 2 still has the same large random variation as 

was the case in the circuit of Figure 5, limiting the time 

this random voltage affects the signal path, greatly reduces 

10 its overall effect. This is shown in Figure 10. 

By choosing a suitably small autozero duty cycle, the 

overall noise increase due to the wide-band noise sampling 

can become arbitrarily small. In practice, by choosing a 

duty cycle less than 10% the noise floor of the circuit will 

15 be within several percent of the theoretical thermal noise 

floor limit. 

Figure 11 shows a simplification of the circuit in 

Figure 9. 

Notice how in the previous circuit of Figure 9 the 

20 autozero switches and internal chopper switches are connected 

in series, each with their own clocking phases. The circuit 

of Figure 11 combines these series connections of switches 
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into one switch where possible, and provides the proper 

clocking phases to drive them. 

Operation is as follows. The first state of the circuit 

is when clock phase ~3 is high; the circuit is in autozero 

mode, with the switches labeled ~3 closed. As a result, the 

inputs of transconductor gm1 are both tied to the positive 

input terminal. Hence, the input differential voltage of ~1 

is zero, while the voltage at the positive input sets the 

common-mode voltage. The output terminals of input 

10 transconductor gm1 are connected to the autozero capacitors Cn 

and ci2r closing the autozero loop. 

The second state occurs after clock phase ~3 goes low 

again. Now there are two possible situations: either clock 

phase ~1 goes high, while phase ~2 remains low, or vice versa. 

15 Assuming the first case, ~1 high and ~2 low, input stage gm1 is 

connected directly between the input terminals and the 

intermediate stage gm4. Offset voltage source Vcs will cause a 

positive error voltage at the output of the amplifier. The 

two autozero capacitors Ci 1 and ~2 are disconnected from the 

20 signal path and hold their voltage to cancel out any offset 

of input stage gm1. 

The circuit enters its third and final state when ~1 and 

~2 reverse polarities (~1 low and ~2 high) . In this situation, 
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input stage gm1 is effectively turned upside down, swapping 

both the input and output terminals. The polarity of the 

signal path remains the same, but the effect of input offset 

voltage Vas at the output changes sign: it will cause a 

5 negative excursion of the output voltage. 

Since states two and three have the same duration, the 

average effect of the offset source V 05 will be zero. State 1 

is effectively operating at twice the frequency of states 2 

and 3, though states 2 and 3 are each interrupted by state 1, 

10 with each half cycle of the chopping being temporarily 

interrupted by the auto-zeroing process. 

The order of states two and three after each autozero 

pulse $3 alternates. This results in the following overall 

order of the circuit states: 2-1-2, 3-1-3, 2-1-2 etc. The 

15 average (residual) offset across one autozero cycle, whether 

it is the 2-1-2 or the 3-1-3 cycle, will be zero. 

Input stage gm3 again implements a separate signal path 

for high frequencies. Together with capacitors Cmlr Cm2a and 

Cm2b, this parallel input stage gm3 implements Mul tipath Nested 

20 Miller Compensation (see "Frequency Compensation Techniques 

for Low-Power Operational Amplifiers", R. Eschauzier and J. 

Huijsing, section 6.1, Boston, MA: Kluwer, 1995). This 

frequency compensation technique ensures stability when 

applying feedback to the overall amplifier, while enabling a 
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smooth frequency response without artifacts in the cross-over 

region between the high and low frequency signal paths. 

Capacitor C3 is an optional component that can help the gain 

of the low-frequency signal path (gmlr gm4 and gms) to drop off 

5 steeply enough at high frequencies not to interfere with the 

high-frequency signal path through parallel input stage gm3 • 

10 

A final refinement of the circuit in Figure 11 is shown 

in Figure 12. 

This circuit is identical to the circuit of Figure 11, 

except for the additional gain stage gm6. The purpose of this 

additional stage is to increase the gain of the low-frequency 

signal path through input stage gml· This additional gain 

will help to suppress any DC offset of the overall amplifier 

due to mismatches in the parallel input stage gm3 • A DC 

15 offset in the parallel input stage gm3 will cause an input 

referred offset voltage of the overall amplifier. The 

resulting input referred offset can be very small, however, 

as its effect is reduced by the ratio of the gains of the low 

frequency signal path and high frequency signal path. By 

20 introducing the additional gain stage gm6, the circuit of 

Figure 12 will offer gain ratios on the order of 10,000x or 

more in typical situations. Therefore, a DC offset of the 

parallel input stage gm3 of 10mV for example, will be reduced 

to less than a microvolt. At these low levels, the effect of 
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a DC mismatch in the parallel input stage gm3 is sufficiently 

small not to significantly affect the overall performance of 

the amplifier. 

Because of the additional gain stage gm6r the circuit of 

5 Figure 12 now requires Multipath Hybrid Nested Miller 

compensation to guarantee stability with overall feedback 

applied (see "Frequency Compensation Techniques for Low-Power 

Operational Amplifiers", R. Eschauzier and J. Huijsing, 

section 6.3, Boston, MA: Kluwer, 1995). This frequency 

10 compensation technique is similar to Multipath Nested Miller 

Compensation used in Figure 11, except that it uses an active 

integrator with Miller capacitors Cm3a and Cm3br as opposed to 

the passive filter capacitor C3 in Figure 11. 

15 

20 

Instrumentation Amplifiers 

By adding an additional input stage to any of the 

circuits in Figure 5, Figure 7, Figure 9, Figure 11 and 

Figure 12, these can easily be transformed into so-called 

instrumentation amplifiers (see "Operational Amplifiers, 

Theory and Design", J. Huijsing, pp. 52-53, Boston, Kluwer 

Academic Publishers, 2001). Instrumentation amplifiers have 

two sets of differential input terminals and are capable of 

sensing small differential signals in the presence of a large 

common-mode disturbance. 
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In order for the chopping and autozeroing to work 

properly in the modified circuit, only the input stage 

devices (including the parallel devices for Multipath 

frequency compensation) and input switches need to be 

repeated from the original opamp. The autozeroing can be 

done across both input stages combined, and therefore does 

not require additional autozero capacitors, nor autozero 

feedback switches. 

Figure 13 shows the chopped and autozeroed 

10 instrumentation amplifier that results from modifying the 

opamp depicted in Figure 12. The components added to the 

circuit are the two input stages gmlb and gm3br along with the 

corresponding input switches. 

Figures 5, 7 and 9 implement one form of autozero 

15 circuit, also effectively incorporated in Figures 11, 12 and 

13, though it should be understood that other forms of 

20 

autozero circuits may be used. By way of example, Figure 21 

illustrates an alternative form of autozero circuit using a 

single differential amplifier rather than the two of the 

previous embodiment. In Figure 21, a differential transistor 

pair M1 and M2 each have a drain current I 1 and a common 

source connection having a tail current of 2I 1 • Either the 

drain currents or the tail current can be controlled by a 

common mode voltage controlled current source to achieve the 

26 

ANALOG EXHIBIT 1002 
Page 81 of 297



55123P376 

desired common mode input to the gates of the transistors M1 

and M2. Note that this common mode voltage is unrelated to, 

and can be fixed and very different from, the common mode 

input to the amplifier system, the difference being the 

5 voltages across capacitors Caz1 and Caz2. 

Clock phases ¢1 and ¢2 are the chopper clock phases. 

During autozeroing, clock phases ¢1 and ¢2 are low and the 

clock phase ¢3 is high. Note that if the two drain currents 

I 1 are not perfectly matched, that mismatch, itself, will also 

10 cause an offset in the differential pair of transistors M1 

and M2. However that offset is also autozeroed by the 

foregoing process so that a perfect match of the two drain 

current sources I 1 is not required. 

In any autozero circuit, the input to the input stage is 

15 periodically disconnected and then shorted, with the offset 

then being stored on one or more capacitors for subtraction 

from the signal path between autozeroing operations. In the 

embodiments of Figures 5, 7, 9 and 11-13, a second amplifier 

is used, with the net input offset of both amplifiers gm1 and 

20 gm2 being stored on the capacitors on the input to the second 

amplifier. The offsets are cancelled by the second amplifier 

having a current output opposite the current output of the 

differential input stage when the input of the differential 

input stage is shorted. In the embodiment of Figure 21, only 
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one differential amplifier is used for the autozero 

operation, with the autozeroing being done by appropriately 

charging capacitors in series with the differential amplifier 

input. 

5 Clock Generation 

The clock phase ~3 can be thought of as the autozero 

phase, while the clock phase ~1 and ~2 can be (broadly) 

thought of as the two chopper phases. One complication that 

arises in the circuits of Figure 11 and Figure 12 is that 

10 only one of the sets of switches corresponding to a 

particular clock phase (~1, ~2 or ~3) is allowed to be closed 

at any particular time. Closing two or more sets of switches 

will cause short circuits between the various nodes of the 

circuit. In order to guarantee this break-before-make 

15 behavior, the switches need to be driven by non-overlapping 

clock phases. 

A prior art circuit for generating two-phase non­

overlapping clock signals is shown in Figure 15 (see 

"Principles of CMOS Design", N.H.E. Weste and K. Eshraghian, 

20 section 5.5.10, Addison-Wesley, 1993). 

It generates the two non-overlapping clock phases ~1 ' and 

~2 ' from the potentially overlapping input clock phases ~1 and 

~2 • This process is illustrated in Figure 16. 
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Operation of the circuit is as follows (assuming for 

simplicity that all gates are delay free, except for the 

inverters 13 and 14). With clock phase Q1 low and clock phase 

Q2 high, the output clock phases Q1' and Q2' will also be low 

and high respectively. When the two input clock phases Q1 and 

Q2 change states (Q1 transitioning to high and Q2 to low), 

output Q2 ' will change almost instantaneously (see Figure 16). 

This direct output response occurs because when the input Q2 

to nand gate N1 goes low, its output will go high, regardless 

of the state of the other input to the nand gate. During the 

same transition (Q1 to high and Q2 to low), output Q1' will 

respond with a delay. One input of the nand gate N2 is held 

low by inverter 13. With one input low, the output of nand 

gate N2 will not change its output, independently of the 

15 state of the other input that is connected to input clock 

20 

phase Q1. Only when the output of 13 changes, will the output 

of nand N2 change, and hence output Q1 '. Note that inverters 

13 and 14 are assumed to exhibit noticeable delay, whereas 

all other gates are delay-free. The resulting output clock 

phases Q1 ' and Q2 ' are shown in Figure 16. As indicated 

before, output Q2 ' responds directly to the falling edge of 

Q2, while clock phase Q1', tracks the rising edge of input Q1 

with a slight delay. Note how the resulting output phases Q1 ' 

and Q2 ' are never on at the same time (break before make). 
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The next change of input state, input clock phase ~1 will 

go low again, and input clock phase ~2 high. The process 

reverses, and in this case the output ~1 ' responds directly to 

the falling edge of ~2 , while clock phase ~1 ' tracks the 

rising edge of input ~1 with a slight delay. This timing 

again avoids overlap of the two output clock signals ~1 ' and 

Note in Figure 16 how the output clock phases always 

respond directly to a falling edge of the corresponding input 

clock phase, whereas rising edges are tracked with a slight 

delay. This timing property is fundamental to producing the 

two non-overlapping clock signals ~1 ' and ~2 '. 

Figure 17 extends the operation of the non-overlapping 

clock generator of Figure 15 to the three specific clock 

phases of Figure 14. In the preferred embodiment, the three 

15 timing signals input to the circuit of Figure 17 are 

generated by a simple state machine, and may be overlapping. 

In this case, the circuit needs to make sure that none 

of the three output clock phases ~1 ', ~2 ' and ~3 ' will ever be 

high at the same time. Operation is similar to that of the 

20 circuit in Figure 15 and illustrated in Figure 18. 

For simplicity, all components are assumed to be delay­

free again, except for the inverters I4, IS and I6. 
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When the input clock phase ~3 is low, the output of 

inverter I4 is high, and the circuit part consisting of the 

nand gates N2 and N3, and inverters I2, I3, IS and I6 behave 

identically to the prior art circuit in Figure 1S. These six 

S components create non-overlapping clock phases ~1 ' and ~2 ' 

from the two input clock phases ~1 and ~2 • Since clock phase 

~3 was low to begin with, the result is that only one output 

clock phase ~1 ', ~2 ' or ~3 ' will be high at a given time. 

When input clock phase ~3 transitions high, the output 

10 clock phase ~3 ' will wait for both other inputs to the nand 

gate N1 to become high as well, before it follows input clock 

lS 

20 

phase ~3 in going high. The other two inputs of the nand gate 

N1 will go high -albeit with some delay- because both input 

clock phase ~1 and ~2 will be low once input clock phase ~3 has 

gone high. The delay is caused by one of the two inverters 

IS and I6, depending on the state of the input clock phase ~1 

If input clock phase ~1 was low before the input 

clock transition, it will remain low, while input clock phase 

~2 goes from high to low. In this case the delay is caused by 

inverter IS. Inverter I6 becomes responsible for the delay 

in the situation where input clock phase ~2 starts off and 

remains low, while input clock phase ~1 makes the high-to-low 
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transition. The delay before the output clock phase $3 ' goes 

high, results in the non-overlap time for this clock phase. 

A high-to-low transition of input clock phase $3 affects 

output clock phase $3 ' almost immediately, as it causes one 

5 input to the nand gate N1 (the one connected to input $3 ) to 

go low. One low input to the nand gate is sufficient to make 

the output clock phase $3 ' go low as well, regardless of the 

other inputs to the nand gate N1. 

Since the circuit of Figure 17 is symmetrical around all 

10 of its input-output pairs $1 /$1 ', $2 /$2 ' and $3 /$3 ', the same 

reasoning that applies to the pair $3 /$3 ' holds equally for 

the other two pairs. 

The overall result of the timing in the circuit of 

Figure 17, is that the clock phase outputs $1 ' $2 ' and $3 ' will 

15 follow any high-to-low transition of their respective input 

clock phases $1 , $2 and $3 directly, while a low-to-high 

20 

transition is propagated with a certain delay. Figure 18 

clearly shows how this delayed response to the rising edges 

creates the required three phase non-overlapping clock 

signals. Of course the circuit of Figure 17 may in effect be 

realized using logical permutations accordingly to Bolean 

geometry to achieve the delay of each signal going to a first 
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state until the both the other signals are in the second 

state. 

Rail-to-Rail Input Switches 

When operating any of the circuits Figure 5, Figure 7, 

5 Figure 9, Figure 11 or Figure 12 at a low supply voltage 

while requiring a rail-to-rail input common-mode voltage 

range, the need arises for bootstrapped input switches. This 

need is especially felt when the supply voltage of the 

amplifier is lower then the sum of the threshold voltages of 

10 an NMOS and a PMOS device in the manufacturing process 

technology. Under these circumstances, we are not able to 

operate traditional complementary transmission gates at the 

inputs. 

A transmission gate consists of the parallel connection 

15 of a PMOS and NMOS switch, each of which is operated by an 

opposite phase signal at its gate. To turn the transmission 

gate on, the gate of the NMOS device is pulled high, while 

the gate of the PMOS device is pulled low. At supply 

voltages below the sum of the threshold voltages of the NMOS 

20 and PMOS device, an area in the middle of the common-mode 

voltage range of the switch will occur where neither of the 

two devices can develop enough voltage across its gate-source 

terminals to be turned on. 
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The alternative to a transmission gate is to use a 

single NMOS or PMOS device, with a gate drive voltage that 

can rise above (NMOS) or drop below (PMOS) the supply voltage 

of the circuit. Figure 19 shows an example of a prior art 

5 bootstrapped NMOS switch that uses a capacitor to increase 

the control voltage at the gate of the switching device (see 

"Very low-voltage digital-audio EA modulator with 88-dB 

dynamic range using local switch bootstrapping", M. Dessouky 

and A. Kaiser, IEEE J. Solid-State Circuits, vol. 36, no. 3, 

10 pp. 349-355, Mar. 2001). 

Operation of the bootstrapped switch is as follows. 

While the input terminal elk is held low (switch turned off), 

device MN7 pulls down node G (gates of the switching 

transistor) through cascode device MN6 • Switch devices MR and 

15 MS are in their off states, while capacitor C1 is being 

charged to the supply voltage by devices Mps and Mrn. Devices 

Mpo and MPl are off. Stepping the control voltage elk high 

(turning the switch on), device ~vo pulls down node E, and 

device Mp1 will start to conduct current. Device MPl on its 

20 turn will connect the pre-charged capacitor C1 between the 

gate and source of device MR, which will also turn on. With 

devices Mp1 and Mq in their on states, the gate-source voltage 

of the switching device Ms equals the voltage Vdd stored on the 

capacitor C1 • With its gate-source voltage Vgs above the 

25 threshold voltage, the switch devices Ms will turn on. 
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Even though the voltages at node G and node B can rise 

significantly above the supply voltage (maximally twice Vdd), 

safe operation of all devices is guaranteed. 

There are two apparent drawbacks of the prior art 

circuit in Figure 19. The first is that the circuit requires 

a capacitor for each input switch. Since the disclosed 

circuits will be operating a total of six input switches, the 

six capacitors will represent a considerable die area 

penalty. Secondly, operating the switch will cause a major 

switching glitch in the signal path. This glitch is 

especially apparent while turning the switch on. In that 

case, device MR is closed, while node A is still at the ground 

potential Vss. With device MR closed, node A needs to be 

lifted all the way up to the common-mode voltage level at the 

input terminal Vin. The charge needed for this voltage jump 

is pulled from the input terminal Vinr leading to the 

switching glitch. 

The circuit of Figure 20 alleviates the die size penalty 

and switching glitches associated with the prior art circuit 

20 of Figure 19. 

The circuit of Figure 20 uses only one gate-drive 

capacitor C1 to drive the two input switch devices Ms1 and Ms2. 

Since all six input switches in Figure 11 and Figure 12 come 

in three pairs that are driven by the same clock phase, this 
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reduces the total number of capacitors from six to three. 

This is not needed between stages, as the common mode voltage 

may be controlled (limited) so a rail to rail switching 

voltage may be used for these switches. 

The key modification to allow driving multiple switch 

devices with one bootstrap circuit is the use of voltage Vcm 

as a reference to lift gate-control capacitor C1 , instead of 

the source of the switch device Ms in the prior art circuit of 

Figure 19. Disconnecting the sources of the switches MS1 and 

10 MS2 from the bootstrap circuit has the added benefit of 

avoiding the switching glitch that arose in the prior art 

circuit of Figure 19. 

15 

The key to successfully operating the switch devices M51 

and M52 in Figure 20 lies in generating the proper common-mode 

VOltage Vcm. This voltage Vcm is derived through source 

follower MNs from the voltage at the sources of the input 

transistors Mp 6 and Mp7 of the overall amplifier circuit, Mp 6 

and Mp7 being the differential transistor pair in a 

differential input stage for the amplifier system. Because 

20 of this connection, the common mode voltage Vcm has two 

important properties: 

1. The voltage Vcm will track the minimum of the two 

voltages at the gates of input transistors MP6 and MP7· This 

is due to the fact that the input device with the lowest gate 
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voltage, e.g. MP6r will start acting as a source follower, 

tracking the voltage at its gate with the source, while the 

other device (Mp7 in this example} will be turned off by lack 

of a sufficiently high gate-source voltage Vgs· In a typical 

5 amplifier application, the differential input will be 

minimal, so that the voltage v= will accurately reflect the 

10 

common mode voltage of the differential input. Note also, 

that only one source follower ~w need be used for all 

switches coupled to that differential input. 

2. Because of source follower Mm, the common mode 

voltage Vcm can never exceed the positive rail Vddr even if the 

tail current source of the input pair Mp 6 and Mp7 is connected 

to a voltage higher than the supply voltage Vdd· A common 

situation where the input stage tail current source is tied 

15 to a higher supply voltage than the remainder of the 

amplifier is in amplifiers that employ a charge-pump to 

20 

obtain a rail-to-rail input common-mode range. The charge 

pump generates a boosted supply voltage for the input stage, 

extending its common mode input voltage range. 

Because of these two points, the circuit continues to 

guarantee safe operation of all devices in the circuit. The 

gate of the switching devices M51 and M52 will never be pulled 

higher than one supply voltage Vddabove the minimum of the 

two input voltages Vinp and Vinm· Consequently, the gate-source 
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voltages Vgs of switching devices Ms1 and Ms2 cannot exceed the 

supply voltage Vdd· Also, node E, which is connected to Vcm 

when switch devices ~"'0 and MR are closed, cannot exceed the 

supply voltage Vdd· This is critical to avoid forward biasing 

5 of the backgate diode of Mpo. 

Operation of the circuit is similar to that of the prior 

art circuit in Figure 19: when input terminal elk is low 

(switch turned off), device M1n pulls down node G (gates of 

the switching transistors) through cascode M,v6 • Switch 

10 devices M51 and M52 are in their off states, while capacitor C1 

is being charged to the supply voltage by devices Mp5 and MJV1 • 

Devices Mpo and Mp1 are off. When the control voltage elk goes 

high (turning the switch on), device MNo pulls down node E, 

and device Mp1 will start to conduct current. Device MPl in 

15 turn will connect the pre-charged capacitor C1 between the 

gate and source of device MR, which will also turn on. With 

devices MPl and MR in their on states, the voltage at node G 

will be the common-mode voltage Vcm plus the voltage Vdd stored 

on the capacitor. The result is that the gate-source 

20 voltages Vgs of the switch devices M51 and M52 will rise above 

their threshold voltages and turn the two devices on. 

The embodiments shown and described herein use 

differential amplifiers. It should be noted that a single 

ended amplifier is functionally a differential amplifier with 
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one input and/or one output connected to a circuit ground. 

Similarly, a chopper alternately reverses two inputs, 

independent of whether one is a circuit ground or not. 

Accordingly references herein and in the following claims to 

5 differential amplifiers is a reference that includes 

amplifiers with one input and/or one output connected to a 

circuit ground, i.e., commonly referred to as single ended 

amplifiers. Also the embodiments shown and described herein 

are shown and described with respect to MOS transistors, 

10 though other active devices may be used, such as, by way of 

example, bipolar transistors. 

Thus the present invention has a number of aspects, 

which aspects may be practiced alone or in various 

combinations or sub-combinations, as desired. While certain 

15 preferred embodiments of the present invention have been 

disclosed and described herein for purposes of illustration 

and not for purposes of limitation, it will be understood by 

those skilled in the art that various changes in form and 

detail may be made therein without departing from the spirit 

20 and scope of the invention as defined by the full breadth of 

the following claims. 
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CLAIMS 

What is claimed is: 

1 . In an amplifier system, a circuit comprising: 

a first differential amplifier; 

first and second choppers for chopping the input and the 

4 output of the first differential amplifier, respectively; 

5 autozero circuitry coupled to the first differential 

6 amplifier for autozeroing the first differential amplifier; 

7 the autozero circuitry operating at a first frequency 

8 and the choppers operating at a second frequency unequal to 

9 the first frequency. 

1 2. The circuit of claim 1 wherein the second frequency 

2 is twice the first frequency, and the first and second 

3 frequencies each have a 50% duty cycle. 

1 3. The circuit of claim 1 further comprising an 

2 amplifier having differential inputs coupled to the first and 

3 second differential inputs of the amplifier system and an 

4 output coupled to the output amplifier. 

1 4. The circuit of claim 1 wherein the first frequency 

2 is twice the second frequency, the second frequency having a 

3 50% duty cycle. 
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1 5. The circuit of claim 4 wherein the first frequency 

2 has a duty cycle of less than 50%, whereby each half cycle of 

3 the choppers is interrupted while the first differential 

4 amplifier is auto-zeroed. 

1 6. The circuit of claim 4 wherein the first frequency 

2 has a duty cycle of not more than 25%, whereby each half 

3 cycle of the choppers is interrupted while the first 

4 differential amplifier is auto-zeroed. 

1 7. The circuit of claim 1 wherein the first chopper is 

2 coupled to the first and second differential inputs of the 

3 amplifier system, and further comprising: 

4 a first-switch having a first first-switch state 

5 coupling the differential inputs of the first differential 

6 amplifier to differential outputs of the first chopper, and a 

7 second first-switch state connecting the differential inputs 

8 of the first differential amplifier together; 

9 a second differential amplifier, the second differential 

10 amplifier having differential inputs, each connected to a 

11 circuit ground through a respective capacitance; 

12 differential outputs of the first and second 

13 differential amplifiers being coupled in common; 

14 an output amplifier having an input coupled to an output 

15 of the second chopper; 
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16 a second-switch having a first second-switch state 

17 coupling the common outputs of the first and second 

18 differential amplifiers to an input of the second chopper, 

19 and a second second-switch state coupling the common outputs 

20 of the first and second differential amplifiers to the 

21 differential inputs of the second differential amplifier. 

1 8 . The circuit of claim 7 wherein the second frequency 

2 is twice the first frequency, and the first and second 

3 frequencies each have a 50% duty cycle. 

1 9. The circuit of claim 7 wherein the first frequency 

2 is twice the second frequency, the second frequency having a 

3 50% duty cycle. 

1 10. The circuit of claim 9 wherein the first frequency 

2 has a duty cycle of less than 50%, whereby each half cycle of 

3 the choppers is interrupted while the first differential 

4 amplifier is auto-zeroed. 

1 11. The circuit of claim 9 wherein the first frequency 

2 has a duty cycle of not more than 25%, whereby each half 

3 cycle of the choppers is interrupted while the first 

4 differential amplifier is auto-zeroed. 
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12. The circuit of claim 9 further comprising: 

third and fourth differential amplifiers, the fourth 

3 differential amplifier having differential inputs, each 

4 connected to a circuit ground through a respective 

5 capacitance, differential outputs of the third and fourth 

6 differential amplifiers being coupled in common; 

7 the first-switch when in the first first-switch state 

8 also coupling the differential inputs of the third 

9 differential amplifier together and coupling the common 

10 outputs of the third and fourth differential amplifiers to 

11 the differential inputs to the fourth differential amplifier; 

12 the first-switch when in the second first-switch state 

13 coupling the differential outputs of the first chopper to the 

14 differential inputs of the third differential amplifier and 

15 coupling the common differential outputs of the third and 

16 fourth differential amplifiers to the differential inputs of 

17 the second chopper. 

1 13. The circuit of claim 12 further comprising an 

2 amplifier having differential inputs coupled to the first and 

3 second differential inputs of the amplifier system and an 

4 output coupled to the output amplifier. 
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14. The circuit of claim 9 wherein: 1 

2 the first and second switches and the first and second 

3 choppers comprise third, fourth and fifth switches, each 

4 having an open and a closed state; 

5 the first differential input of the amplifier system 

6 being connectable to a first differential input of the first 

7 differential amplifier by third and fifth switches, and to a 

8 second differential input of the first differential amplifier 

9 by the fourth and fifth switches; 

10 the second differential input of the amplifier system 

11 being connectable to the first differential input of the 

12 first differential amplifier by the fourth switch, and to the 

13 second differential input of the first differential amplifier 

14 by the third switch; 

15 a first common connection of the outputs of the first 

16 and third differential amplifiers being connectable to a 

17 first differential input of the differential output amplifier 

18 through the third switch and to a second differential input 

19 to the differential output amplifier through the fourth 

20 switch; 

21 a second common connection of the outputs of the first 

22 and second differential amplifiers being connectable to a 

23 first input of the differential output amplifier through the 
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24 fourth switch and to a second input to the differential 

25 output amplifier through the third switch; 

26 the common connection of the differential outputs of the 

27 first and second differential amplifiers being connectable to 

28 the differential inputs of the second differential amplifier 

29 by the fifth switch. 

1 15. The amplifier of claim 14 wherein the output 

2 amplifier is a multiple stage amplifier. 

1 16. The circuit of claim 14 further comprising a third 

2 amplifier having differential inputs coupled to the 

3 differential inputs of the amplifier system and an output 

4 coupled to the output amplifier. 

1 17. The circuit of claim 14 wherein the third switches 

2 are all closed at the same time, but not when the fourth and 

3 fifth switches are closed, the fourth switches are all closed 

4 at the same time, but not when any of the third and fifth 

5 switches are closed, and the fifth switches are all closed at 

6 the same time, but not when any of the third or fourth 

7 switches are closed, whereby the switch operation is 

8 nonoverlapping, the fifth switches being closed at the first 

9 frequency with a duty cycle of less than 50%, the third 

10 switches being closed at a second frequency with a duty cycle 

11 of approximately 50%, except as interrupted for the closure 
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12 of the fifth switches, and the fourth switches being closed 

13 at the second frequency with a duty cycle of approximately 

14 50%, except as interrupted for the closure of the fifth 

15 switches. 

1 18. The amplifier of claim 17 wherein the fifth 

2 switches are closed with a duty cycle of not more 25%. 

1 19. The amplifier of claim 17 wherein the output 

2 amplifier is a multiple stage amplifier. 

1 20. The circuit of claim 17 further having third and 

2 fourth differential inputs of the amplifier system forming a 

3 second differential input port, and further comprising: 

4 a third differential amplifier having first and second 

5 differential inputs; 

6 the third differential input of the amplifier system 

7 being connectable to the first differential input of the 

8 third differential amplifier by third and fifth switches, and 

9 to the second differential input of the third differential 

10 amplifier by the fourth and fifth switches; 

11 the fourth differential input of the amplifier system 

12 being connectable to the first differential input of the 

13 third differential amplifier by the fourth switch and to the 

14 second differential input of the third differential amplifier 

15 by the third switch; 
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16 differential outputs of the third differential amplifier 

17 being coupled in common with the differential outputs of the 

18 first and second differential amplifiers. 

1 21. The circuit of claim 20 further comprising fourth 

2 and fifth differential amplifiers, the fourth differential 

3 amplifier having differential inputs coupled to the first and 

4 second differential inputs of the amplifier system and an 

5 output coupled to the output amplifier, and the fifth 

6 differential amplifier having differential inputs coupled to 

7 the third and fourth differential inputs of the amplifier 

8 system and an output coupled to the output amplifier. 

1 

2 

22. The circuit of claim 17 further comprising: 

a timing circuit for providing three output timing 

3 signals for controlling the timing of the third, fourth and 

4 fifth switches respectively, the output timing signals having 

5 first and second states and being nonoverlapping in the 

6 second state, the three output timing signals being provided 

7 from three input signals of first and second states, any of 

8 which input signals may overlap in the second state, 

9 comprising: 

10 logic coupled to delay the change of a first output 

11 timing signal to the second state response to a change of the 

12 first input signal to the second state until after both 

13 second and third output signals are in the first state; 

47 

ANALOG EXHIBIT 1002 
Page 102 of 297



55123P376 

14 logic coupled to delay the change of a second output 

15 timing signal to the second state response to a change of the 

16 second input signal to the second state until after both 

17 first and third output signals are in the first state; and, 

18 logic coupled to delay the change of a third output 

19 timing signal to the second state response to a change of the 

20 third input signal to the second state until after both first 

21 and second output signals are in the first state. 

1 

2 

23. The circuit of claim 22 further comprising: 

switch drive circuits for driving the third, fourth and 

3 fifth switches on the first and second differential inputs to 

4 the amplifier system to control their on and off states, 

5 respectively, each drive circuit being responsive to a 

6 respective output timing signal of the timing circuit, to 

7 control the on and off states of the third, fourth and fifth 

8 switches, respectively; 

9 circuitry for connecting a first lead of a capacitor to 

10 a power supply voltage, a second capacitor lead to a circuit 

11 ground and holding the respective switch in the off state 

12 when the respective output timing signal is its first state; 

13 and, 

14 circuitry for connecting the second lead of the 

15 capacitor to a voltage responsive to a common mode voltage of 

16 the first and second differential inputs of the amplifier 
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17 system and connecting the first capacitor lead to a control 

18 voltage for the respective switch when the circuit is clocked 

19 by a respective output timing signal; 

20 whereby the control voltage for turning on the switches 

21 is approximately one power supply voltage above the common 

22 mode voltage of the first and second differential inputs of 

23 the amplifier system, independent of what the common mode 

24 voltage is. 

1 24. A method of operating a chopper stabilized first 

2 amplifier, the chopper stabilized first amplifier having an 

3 auto-zeroing capability comprising: 

4 operating the chopper stabilization at a first 

5 frequency; and, 

6 

7 

1 

operating the auto-zeroing at a second frequency; 

the ratio of the frequencies being two to one. 

25. The method of claim 24 wherein the first frequency 

2 is twice the second frequency, and each having a duty cycle 

3 of 50%. 

1 26. The method of claim 24 wherein the second frequency 

2 is twice the first frequency and has duty cycle of less than 

3 one half. 
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1 27. The method of claim 26 wherein the second frequency 

2 has a duty cycle of not more than one-quarter. 

1 

2 

28. The method of claim 24 further comprising: 

after each cycle of the chopper stabilization of the 

3 first amplifier, chopper stabilizing a second amplifier using 

4 the same choppers; 

5 auto-zeroing the second amplifier while the first 

6 amplifier is being chopper stabilized; and, 

7 auto-zeroing the first amplifier while the second 

8 amplifier is being chopper stabilized; 

9 the outputs of the first and second amplifiers being 

10 connected in common. 

1 29. The method of claim 24 wherein the chopper 

2 stabilized first amplifier has first, second and third 

3 pluralities of open and closed switches, the first and second 

4 switches being coupled as input and output chopper switches 

5 and the third switches being coupled as auto-zero switches, 

6 wherein the first switches are all closed at the same time, 

7 but not when the second and third switches are closed, the 

8 second switches are all closed at the same time, but not when 

9 any of the first and third switches are closed, and the third 

10 switches are all closed at the same time, but not when the 

11 first or second switches are closed, whereby the switch 
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12 operation is nonoverlapping, the third switches being closed 

13 at a first frequency with a duty cycle of less than 50%, the 

14 first switches being closed at a second frequency equal to 

15 one half the first frequency with a duty cycle of 

16 approximately 50%, except as interrupted for the closure of 

17 the third switches, and the second switches being closed at 

18 the second frequency with a duty cycle of approximately 50%, 

19 except as interrupted for the closure of the third switches. 

1 30. The method of claim 29 wherein the third switches 

2 are closed with a duty cycle of not more 25%. 

1 31. The method of claim 30 wherein the output amplifier 

2 is a multiple stage amplifier. 

1 32. The method of claim 29 wherein the first amplifier 

2 has first and second differential inputs and further 

3 comprising: 

4 controlling, responsive to a clocking signal, the on and 

5 off states of switches controlling the connection of the 

6 first and second differential inputs to differential 

7 amplifier system inputs and to themselves, the differential 

8 amplifier system inputs having a common mode voltage, 

9 comprising, for each pair of switches: 

10 connecting a first lead of a capacitor to a power supply 

11 voltage, a second capacitor lead to a circuit ground and 
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12 holding the switches in the off state when the switch control 

13 circuit is not being clocked by one of a first, second or 

14 third timing signal; and, 

15 connecting the second lead of the capacitor to a voltage 

16 responsive to the common mode voltage and connecting the 

17 first capacitor lead to a control voltage when the circuit is 

18 clocked by the respective first, second or third timing 

19 signal; 

20 whereby the control voltage for turning on the switches 

21 is approximately one power supply voltage above the common 

22 mode voltage, independent of what the common mode voltage is. 

1 

2 

33. The method of claim 32 further comprising: 

providing the first, second and third timing signals, 

3 each having first and second states corresponding to switch 

4 on and off states, the three timing signals being 

5 nonoverlapping in the first state from three input signals of 

6 first and second states, any two of which may overlap in the 

7 first state by; 

8 delaying the change of the first timing signal to the 

9 first state response to a change of the first input signal to 

10 the first state until after both the second and the third 

11 timing signals are in the second state; 

12 delaying the change of the second timing signal to the 

13 first state response to a change of the second input signal 
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14 to the first state until after both the first and the third 

15 output signals are in the second state; and, 

16 delaying the change of the third timing signal to the 

17 first state response to a change of the third input signal to 

18 the first state until after both the first and the second 

19 output signals are in the second state. 

1 34. A circuit for providing three output timing signals 

2 having first and second states and being nonoverlapping in 

3 the first state from three input signals of first and second 

4 states, any two of which may overlap in the first state, 

5 comprising: 

6 logic coupled to delay the change of a first output 

7 timing signal to the first state response to a change of the 

8 first input signal to the first state until after both second 

9 and third output signals are in the second state; 

10 logic coupled to delay the change of a second output 

11 timing signal to the first state response to a change of the 

12 second input signal to the first state until after both first 

13 and third output signals are in the second state; and, 

14 logic coupled to delay the change of a third output 

15 timing signal to the first state response to a change of the 

16 third input signal to the first state until after both first 

17 and second output signals are in the second state. 
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1 35. A switch control circuit for controlling, 

2 responsive to a clocking signal, the on and off states of 

3 switches controlling the connection of first and second 

4 differential input signals, the first and second differential 

5 input signals having a common mode voltage, comprising: 

6 circuitry for connecting a first lead of a capacitor to 

7 a power supply voltage, a second capacitor lead to a circuit 

8 ground and holding the switches in the off state when the 

9 switch control circuit is not being clocked; and, 

10 circuitry for connecting the second lead of the 

11 capacitor to a voltage responsive to the common mode voltage 

12 and connecting the first capacitor lead to a switch control 

13 voltage when the circuit is clocked; 

14 whereby the switch control voltage for turning on the 

15 switches is approximately one power supply voltage above the 

16 common mode voltage, independent of what the common mode 

17 voltage is. 

1 36. The switch control circuit of claim 35 wherein the 

2 first and second differential input signals are coupled to an 

3 input pair of transistors having a common connection to a 

4 current source, and wherein the common mode voltage is 

5 provided by a third transistor coupled to the common 

6 connection. 
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ABSTRACT 

Low-noise, low-power, low drift offset correction in 

operational and instrumentation amplifiers and amplifiers 

using the same are disclosed. The amplifiers disclosed use 

different combinations of chopping and auto-zero techniques. 

Also disclosed are amplifiers using on-off switches to affect 

the chopping and auto-zeroing, with unique circuits for 

driving the switches on the differential input to provide 

boot-strapped switch controls. Other features are disclosed. 
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of America before my invention thereof, or patented or described in any printed publication in any country 
before my invention thereof or more than one year prior to this application. I do not know and do not 
believe that the claimed invention was in public use or on sale in the United States of America more than 
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the subject of an inventor's certificate issued before the date of this application in any country foreign to 
the United States of America on an apptication filed by me or my legal representatives or assigns more 
than twelve months (for a utility patent application) or six months (for a design patent application) prior to 
this appltcation. 
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Claim of Foreign Priority Benefits 
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before that of the application on which priority is claimed. 

Prior Foreign Application(s): 
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Foreign Filing Date Priority Certified Copy 
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Appointment of Practitioners: 
I hereby appoint the practitioners associated with Customer Number: 79124 as my respective patent 
attorneys and patent agents, with full power of substitution and revocation, to prosecute this application 
and to transact all business in the U.S. Patent and Trademark Office connected herewith. 

If this patent application is assigned, then the undersigned hereby authorizes the patent attorneys and 
patent agents named herein to accept and follow instructions from the assignee(s) as to any action to be 
taken in the United States Patent and Trademark Office regarding this application without direct 
communication between the patent attorneys and patent agents and the undersigned. In the event of a 
change in the persons from whom instructions may be taken, at least one patent attorney or patent agent 
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Petitioner/applicant is cautioned to avoid submitting personal information in documents filed in a 
patent application that may contribute to identity theft. Personal information such as social 
security numbers, bank account numbers, or credit card numbers (other than a check or credit 
card authorization form PT0-2038 submitted for payment purposes) is never required by the 
USPTO to support a petition or an application. If this type of personal information is included in 
documents submitted to the USPTO, petitioner/applicant should consider redacting such personal 
information from the documents before submitting them to the USPTO. Petitioner/applicant is 
advised that the record of a patent application is available to the public after publication of the 
application (unless a non-publication request in compliance with 37 CFR 1.213(a) is made in the 
application) or issuance of a patent. Furthermore, the record from an abandoned application may 
also be available to the public if the apptication is referenced in a published application or an 
issued patent (see 37 CFR 1.14). Checks and credit card authorization forms PT0-2038 
submitted for payment purposes are not retained in the application file and therefore are not 
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statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under 18 U.S.C. 1001 and that such willful false 
statements may jeopardize the validity of the application or any patent issued thereon. 
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Very Low-Voltage Digital-Audio ~~ Modulator 
with 88-dB Dynamic Range Using Local 

Switch Bootstrapping 
Mohamed Dessouky, Student Member, IEEE, and Andreas Kaiser, Member, IEEE 

Abstract-A 1-V 1-mW 14-bit a~ modulator in a standard 
CMOS 0.35-JLm technology is presented. Special attention has 
been given to device reliability and power consumption in a 
switched-capacitor implementation. A locally bootstrapped 
symmetrical switch that avoids gate dielectric overstress is used 
in order to allow rail-to-rail signal switching. The switch constant 
overdrive also enhances considerably circuit linearity. Modulator 
coefficients of a single-loop third-order topology have been opti­
mized for low power. Further reduction in the power consumption 
is obtained through a modified two-stage opamp. Measurement 
results show that for an oversampling ratio of 100, the modulator 
achieves a dynamic range of 88 dB, a peak signal-to-noise ratio of 
87 dB and a peak signal-to-noise-plus-distortion ratio of 85 dB in 
a signal bandwidth of 25 kHz. 

Index Terms-Analog circuits, bootstrapped switch, delta-sigma 
modulators, switched-capacitor circuits, very low voltage. 

L INTRODUCTION 

F UTURE systems-on-chip will require integration of logic, 
analog, and memory on the same chip at low power-supply 

voltages, The need for the development oflow-voltage and low­
power analog circuit techniques is, thus, twofold, First, the de­
mand on low-voltage low-power mixed-signal circuits is sig­
nificantly increasing in order to cope with modern advances in 
portable and battery-operated systems, In these systems, the op­
erating voltage and the total power consumption have a direct 
impact on the battery weight and lifetime, On the other side, ad­
vances in CMOS technology are driven by the digital system 
need to enhance the circuit speed performance and increase 
the integration density by continuously reducing the channel 
length, Lower channel lengths lead to lower supply voltages, 
The supply voltage is expected to drop down to around 0,6 V for 
a channel length of0,05 JLm by 2011 [l], The threshold voltage, 
however, must remain relatively constant to keep the off tran­
sistor leakage within tolerable limits, 

Analog-to-digital converters (ADCs) are one of the per­
formance limiting blocks in any mixed-signal circuit Robust 
switched-capacitor (SC) circuits are still good candidates 
even under very low voltage, However, in contrast to digital 
circuits, the power consumption of analog circuits increases 
as the supply voltage decreases [2], In addition, the widely 
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Fig, L SC first-order low-pass filter, 

used clock voltage multiplication technique [3] cannot be 
employed anymore for critical switches in the circuit due 
to the gate dielectric reliability limitation [4], New circuit 
techniques are thus needed to allow SC circuit operation under 
these challenging conditions and maintain, at least, the same 
signal-to-noise ratio (SNR), 

After a brief introduction to low-voltage SC techniques, this 
paper describes the design of a 1-V 14-bit digital-audio ~~ 
modulator in a standard CMOS technology using a dedicated 
low-voltage switch, Special attention has been paid to device 
reliability and power consumption, 

IL LOW-VOLTAGE SWITCHED-CAPACITOR OPERATION 

Fig, l shows a typical first-order low-pass SC section, The 
analog ground potential VAGND is usually set to Vnn /2 to max­
imize signal excursions, The CMOS switch is fully operational 
for supply voltages higher than the sum of the threshold volt­
ages of both transistors vth n + V'ttw For lower supply voltages, 
a conductance gap begins to appear around the middle of the 
supply range, as will be shown later on, This means that under 
low-voltage operation, this configuration no longer works, 

Some solutions to this problem can be found in the open 
literature, Special fabrication processes have been modified to 
have, besides standard transistors, low-threshold transistors, 
These processes, however, are more expensive since processing 
steps must be added during circuit fabrication, Since the clock 
voltage multiplication technique [3] is not compatible with 
very advanced low-voltage CMOS processes where gate-oxide 
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Fig. 2. Basic switch bootstrapping circuit. 

breakdown becomes an issue, the switched-opamp technique 
[5], [6] has been proposed to get around this problem. Refer­
ence voltages are set to Vnn and Vss; the remaining critical 
switches at the outputs of each opamp, e.g., switch S6 in Fig. l, 
are then eliminated by switching the opamp itself. However, 
the switch S l connected to the input of the circuit remains, and 
it severely restricts the maximum allowable amplitude of the 
input signal. The switching of the opamp may also affect the 
speed of the circuit. 

In this paper, very low-voltage SC operation has been 
achieved using a special low-voltage bootstrapped switch [7]. 
The basic idea of this switch is demonstrated in Fig. 2. The 
signal switch is transistor MNSW while the five additional 
switches S l-S5 and the capacitor Coffset constitute the bootstrap 
circuit. During ¢2 , switches S3 and S4 charge the capacitor to 
Vnn while switch S5 fixes the gate voltage of MNSW to Vss 
to make sure that the transistor is in the off state. During ¢1 , 

switches S l and S2 connect the precharged capacitor between 
the gate and the source of MNSW such that its gate-source 
voltage VGs is equal to the voltage Vc (::::: Vnn) across the 
capacitor. This switch configuration allows rail-to-rail signal 
switching since the gate-source voltage is always constant 
during ¢1 independently of the input signal. A transistor-level 
implementation of the bootstrapped switch, which is fully 
compatible with modern low-voltage CMOS processes, is 
given in Section IVA. 

Fig. 3 shows a low-voltage first-order low-pass SC filter 
based on bootstrapped switches [8]. In order to minimize 
the number of bootstrapped switches, two analog reference 
voltages are used: Vss at the opamp input where a normal 
n-switch can be used to switch the ground voltage, and a 
Vnn /2 analog reference voltage at the opamp output and at the 
circuit input to maximize the signal swing. The bootstrapped 
switch is used to switch signals at this voltage level. Using Vss 
at the opamp input eases the biasing of the input transistors of 
the low-voltage opamp, however, it may cause charge leakage 
due to negative transient spikes [6]. Reversed biased diodes 
corresponding to drain/source-bulk junctions exist on all nodes 
of the SC circuit. Large negative voltage spikes could then 
forward bias these diodes, causing bulk current spikes leading 
to charge loss. These current spikes may also cause noise 
coupling to other parts of the circuit. Nodes Nand I in Fig. 3 
are subjected to those spikes. The associated drain/source 
diodes are also shown. Since the SCs C2 and C3 are not reset 
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Fig. 3. Low-voltage SC first-order low-pass filter using bootstrapped switches. 

Vss Vss Vss 

Fig. 4. Low-voltage SC first-order low-pass filter using charge cancellation. 

to zero but to Vnn/2 which is also the input reference voltage, 
the maximum voltage step is limited to Vnn /2. For supply 
voltages at l V, the maximum spike value is thus limited to 
around 0.5 V. This represents the maximum spike height for 
an open circuit at the nodes under investigation. In spite of 
the opamp finite bandwidth, in practice, the spike height is 
much lower than this value due to the finite switching time and 
the fact that these nodes are already connected to the virtual 
ground opamp input. In addition, using delayed clock phases, 
as shown in Fig. 3, also reduces the amplitude of these spikes 
by first connecting these nodes to Vss before the application of 
the voltage step. As a result, this spike is usually not sufficient 
to forward bias the drain/source-bulk diode. 

Another technique to further reduce the number of boot­
strapped switches is presented in [9] where a single analog 
reference voltage at Vss is used, as shown in Fig. 4. However, 
the signal still varies around Vnn /2 at the circuit input as well 
as at the opamp output to preserve the maximum swing. The 
difference between the two reference voltages is compensated 
by injecting a fixed amount of charge at the opamp input using 
an extra capacitor Ccl\I [6]. This extra capacitor, however, 
increases the switching noise. It also decreases the opamp 
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Fig. 5. Modulator topology. 

_o-_ =-<-CMOSswitch Bootstrapped switch Simple n-switch 

Fig. 6. Fully differential low-voltage integrator. 

feedback factor {3 leading to an increase of the amplifier 
closed-loop settling time. 

Ill. MODULATOR ARCHITECTURE 

For low-voltage low-power applications, a single-loop b.~ 
modulator topology is preferable over a cascaded one because 
it has more relaxed requirements on linear amplifier nonideali­
ties, such as the de gain and the gain-bandwidth product. Also, 
since noise injected at the internal nodes is reduced so much by 
the large gain of the preceding integrators, integrators inside the 
feedback loop can be scaled down resulting in a lower power dis­
sipation [ 10]. However, in order to keep the oversampling ratio 
relatively low to reduce power consumption, the loop order must 
be increased. A third-order feedback topology based on delayed 
integrators, shown in Fig. 5, is thus used. Fig. 6 shows the SC 
circuit implementation of a fully differential integrator cell used 
in the modulator, based on the low-voltage technique shown in 
Fig. 3. The supply voltage is set to l V. The amplifier output 
common-mode (CM) voltage "Vc:m-out is set to the mid-supply 
0.5 V, while its input CM voltage Vcm-in is set to Vss- CMOS 
switches are only used to switch the digital-to-analog converter 
(DAC) levels, namely Vss and Vnn- The same bootstrap cir­
cuit can be used to drive parallel switches. This can be seen for 
switches S l and S2 in Fig. 6. Delayed clocks are used for the 
input switches S l, S2, and S3, as well as the feedback switch 
S6 to reduce charge injection. 

Modulator coefficients have been determined with the help 
of the Delta-Sigma Toolbox [ll] for MATLAB [12], according 
to the design procedure described in [ 13]. Table I shows the 
corresponding scaled modulator coefficients. 

TABLE I 
MODULATOR COEFFICIENTS. 

II Interstage Coeff. I Feedback Coeff. 

1'1 Integrator a1 = 0.10 bt = 0.10 
2na Integrator a2 = 0.27 b2 = 0.18 
3 r-a Integrator a3 = 0.31 b3 - 0.17 
Comparator a4 = 4.35 

Fig. 7. Transistor-level implementation of the bootstrapped switch. 

IV. LOW-VOLTAGE BUILDING BLOCKS 

351 

In this section, the low-voltage circuit building blocks used 
in the modulator are discussed. 

A. Symmetrical Bootstrapped Switch 

Fig. 7 shows the transistor-level implementation of the 
switch bootstrapping circuit shown in Fig. 2 [14]. Transistors 
MNl, MP2, MN3, MP4, and MN5 correspond to the five 
ideal switches S l-S5 respectively. Additional transistors and 
modified connectivity shown in Fig. 7 were introduced to 
extend all switch operation from rail-to-rail while limiting all 
gate-source voltages to Vnn. Gate connections of MP4 and 
MP2 prevent their overstress as the voltage on node B rises 
above Vnn. Transistor MN6S triggers MP2 on at the beginning 
of (h while transistor MN6 keeps it on as the voltage on node 
A rises to the input voltage Vin· Gate connections of transistors 
MNl and MN6 allow them to be turned on similar to the main 
switch MNSW. Furthermore, transistor MNT5 has been added 
to prevent the gate-drain voltage of MN5 from exceeding Vnn 
during (h while it is off. During (h when MNT5 is off, its 
drain-bulk diode junction voltage reaches a reverse bias voltage 
of 2Vnn. This must be compatible with the technology limits. 
It should be also noted that the bulk of transistors MP2 and 
MP4 must be tied to the highest potential, i.e., node B, and not 
to Vnn-

However, in the circuit presented in [14], the voltage at the 
drain side of the main switch MNSW must be always higher 
than that at the source side at the switching moment to prevent 
the drain-gate voltage from exceeding Vnn during the turn-on 
transient. While this is not a problem for the SC charge cancel­
lation scheme shown in Fig. 4, since the source terminal of the 
bootstrapped switch is always discharged to Vss, in the corre­
sponding SC configuration shown in Fig. 3, the drain side could 
have lower voltages before switching on. In order to overcome 
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Fig. 8. Comparison of the bootstrapped and the CMOS switch conductance 
using minimal size transistors W/L = O.GJ.l/0.3GJ.l. (a) ll::m = 3 V. (b) 
ll::m=lV. 

this limitation, an additional transistor MN2 has been added on 
the drain side, shown dashed in Fig. 7, such that the switch 
MNSW becomes completely symmetrical. The gate voltage is 
thus clamped at a voltage VDD higher than the terminal of the 
lowest terminal voltage. 

This bootstrapping circuit thus allows switch opera­
tion (transistor MNSW) from rail-to-rail while limiting 
all gate-source/drain voltages to VDD avoiding any oxide 
overstress. Fig. 8 shows the conductance of a minimal size 
bootstrapped switch versus the source potential for two dif­
ferent supply voltages. Also shown is the conductance of 
a CMOS switch. For the 3-V case, shown in Fig. 8(a), the 
bootstrapped switch conductance has less variations than 
that of the CMOS case. This means that using this switch 
would reduce significantly harmonic distortion effects, such as 
charge injection related to switch operation. For the 1-V case, 
shown in Fig. 8(b), while the CMOS switch fails due to the 
conductance gap for signal voltages in the mid-supply range, 
the bootstrapped switch allows rail-to-rail operation. In spite 
of the fact that the gate-source potential of the bootstrapped 
switch is held constant, the conductance drops with the source 
voltage due to the source-bulk potential which increases the 
threshold voltage. In [15], a solution to this bulk effect is 
proposed through the use of a separate well p-transistor as the 
main switch and controlling its bulk potential. 

It is to be mentioned that other bootstrapped switch imple­
mentations have been proposed. In [16], aMOS-only imple­
mentation was presented, however, no attention has been paid 
to reliability problems. In [4], reliability problems have been 
addressed, however, the bootstrap implementation [14] used in 
this work has the merit of being much simpler and addressing 
the transient reliability problem. 

B. Opamp 

In very low-voltage SC circuits, stacked transistors cannot 
be used to achieve the required DC gain. Thus, usually a 
two-stage amplifier is needed. Fig. 9 shows the used opamp 
[8]. It is based on a fully differential folded-cascode p-type 
two-stage Miller-compensated configuration. The second stage 
is a common-source amplifier with active load which also 
allows a large output swing. 
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Fig. 9. Two-stage amplifier with inherent first-stage CMFB. 

Due to the differential structure, the CM output voltage of 
both stages needs to be regulated using common-mode feed­
back (CMFB). Biasing of class-A amplifiers is typically accom­
plished with a CMFB circuit that senses the output CM voltage 
in order to control the tail current source in the first stage. How­
ever, owing to stability considerations, the gain and bandwidth 
of the CMFB loop are limited to, at most, those of the differ­
ential mode signal path. Moreover, since the gain from the first 
stage to the output is positive, an additional inverting amplifier 
is needed to achieve a stable CMFB, thus increasing the overall 
power consumption. This CMFB amplifier also limits the output 
swing of the original differential amplifier. 

In order to avoid this extra CM amplifier, the CMFB circuit 
for the first stage has been replaced by the cross-coupled con­
nection of transistors M5l, M52, M6l, and M62, similar to [ 17]. 
The differential output conductance seen at the output of the first 
stage (nodes n3 and n4) is given by 

With gm51 = gm52 , the transconductance gm51 seen at the 
gate of transistors M5l and M6l is thus canceled by the oppo­
site action of the parallel transistors M52 and M62, respectively. 
This negative feedback connection causes the differential signal 
at the output of the first stage to see a high load impedance 
limited by 1/gds8 . On the other hand, for the common mode 
signal, the output conductance is still given by (l) with the neg­
ative sign turned positive. The conductance is thus limited by 
gm51 + gm52 . This is a low impedance and consequently the 
first stage does not require an additional CMFB circuit. 

For the second stage, a simple passive SC CMFB circuit, 
shown in Fig. 6, is used. Since the output CM of the ampli­
fier is set to VDD/2, bootstrapped switches must be used in 
the CMFB circuit for those switches connected to the amplifier 
output. Those bootstrapped switches, however, can be shared 
with the sampling network connecting the integrator output to 
the subsequent stage, as shown in Fig. 6. 

The amplifier has a minimum supply voltage, determined 
by the cross-coupled connection, of Vcs51 + VDssats which is 
around l V. This low supply voltage allows biasing the cascode 
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Fig. 10. Output chopping using the cas code transistors. 

transistors directly through Vnn which eliminates the need of 
an additional biasing voltage. On the other hand, this connec­
tion limits the maximum allowable supply voltage necessary to 
keep the cascade transistors in saturation. It may also degrade 
the power supply rejection ratio (PSRR) since the supply noise is 
directly injected in the signal path. However, this effect is greatly 
reduced through the fully differential structure where this noise 
results in a CM signal which is rejected by the fully differential 
operation. The amount of the cancellation is limited by the mis­
match of the two differential signal paths. 

While flicker noise can be reduced using larger gate areas 
for the transistors contributing to the noise (namely Ml, M2, 
M5, M6, M8, and M9), this causes higher parasitic capacitance 
on the internal nodes increasing the amplifier power consump­
tion. In order to overcome this, chopper stabilization has been 
used [18]. Input chopping can be easily done using four input 
switches as shown in Fig. 6. However, since the opamp uses 
a two-stage structure with a compensation capacitor, the same 
switching arrangement cannot be used at the output. In fact, the 
compensation capacitance acts like a memory element that pro­
hibits the opamp output to be chopped instantaneously. Instead, 
the output of the first stage is chopped as shown in Fig. 10 using 
only two additional cascade transistors M32 and M42 in par­
allel with the existing ones but with their sources connected to 
nodes n2 and nl, respectively [8]. The gates of both cascades 
are then driven by the two overlapping chopper clocks <flchl and 
¢ch2 at half the sampling frequency. The two chopper clocks 
must overlap to avoid the simultaneous cutoff of both cascades 
in parallel which would increase the settling time of the opamp. 
This arrangement reduces the 1/ f noise for all transistors but 
M8 and M9 where a larger transistor length must still be used. 
Chopper stabilization is used only for the first integrator stage, 
since the noise of subsequent stages undergoes noise shaping by 
the loop filter. 

C. Comparator 

Since there are no critical design requirements on the com­
parators used in D.~ modulators, a simple low-voltage com­
parator similar to that presented in [ l 0] is used. The comparator 
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Fig. 11. (a) Low-voltage comparator. (b) Low-voltage latch. 

is shown in Fig. ll (a). It is composed of the input p-type differ­
ential stage Ml/M2 transistors which drives the positive feed­
back connection of transistors M3 and M4 used for the regener­
ation action. 

In [10], resetting is done by shorting both outputs to Vss- In 
this design, however, resetting the comparator to the metastable 
state is achieved using a bootstrapped switch, as shown in 
Fig. ll(a). This enhances the comparison speed by elimi­
nating the time needed by the outputs to rise from Vss to the 
metastable state. 

The input CM of the comparator is at Vss, a simple SC circuit 
is used to shift the level of the last integrator output which is 
around Vnn/2 to Vss-

The same latch, shown in Fig. ll(b) [10] is also used. The 
metastable point at the comparator output should be chosen 
below the threshold level of the latch vth6, such that if the out­
puts of the comparator have not diverged enough in the available 
time, the latch should not trigger [ 10]. 

V. DESIGN SYNTHESIS 

Starting from high-level specification requirements deter­
mined using MATLAB [12] simulations, circuit sizing has 
been done following the layout-oriented design methodology 
presented in [ 19]. Sizing plans have been developed for the 
amplifier, the integrator, and the bootstrapped switch and 
incorporated in the knowledge-based sizing tool COMDIAC 
[20]. In the same time, the corresponding layout templates 
have been prepared using the layout language CAIRO [21]. 
These templates have been then used concurrently during 
sizing to calculate the associated circuit parasitics including 
diffusion and routing capacitances and to compensate for them 
by readjusting transistor sizes. This is done through a special 
parasitics estimation mode allowed by the layout tool [19] 
without any layout generation. The final layout has also been 
generated using the same templates. 

The automating sizing procedures also allow to size sepa­
rately each switch based on its charge and the required settling 
error. This allows to optimize switch sizes, which happens to be 
large under low-voltage operation as a result of the small switch 
overdrive, leading to the minimization of the clock feed through 
due to the associated large switch parasitic capacitances. 
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Fig. 12. Chip die photo. 
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Fig. 13. Measured SNR and SNDR. 

VI. EXPERIMENTAL RESULTS 

0 

The modulator has been implemented in a 0.35-pm standard 
CMOS process with double-poly and triple-metal levels. The 
threshold voltages for the n- and p-transistors are 580 and 
600 mV, respectively. Fig. 12 shows the chip photograph. 
Capacitors have been implemented using the two poly layers. 
The core area excluding bonding pads is 0.9 x 0.7 mm2 . A 
single clock at 5 MHz is used to drive the modulator. The 
non overlapping delayed clock phases as well as the overlapping 
clock phases at half the clock frequency needed for the chopper 
stabilization circuit are all generated on chip. 

On the test board, the input signal is converted from 
single-ended to differential using a transformer and shifted to a 
CM level equal to Vnn/2. The digital output of the modulator 
is captured with a data analyzer through optocouplers to isolate 
ground noise of the digital measurement equipment. The data 
are then transferred to a PC, which performs fast Fourier 
transform (FFT), windowing, and graphical representation. 

The modulator operates at a Vnn of l V and dissipates 
950 fJ W including the digital circuitry. 60% of the total power 
is consumed by the first integrator. The reference voltage is set 
to l V and is brought on chip on a separate pad. With an over­
sampling ratio of 100, the signal bandwidth is 25kHz. Fig. 13 
shows the measured SNR and signal-to-noise-plus-distortion 
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TABLE II 
CONVERTER PERFORMANCE SUMMARY. 

Supply Voltage lV 
Reference Voltage lV 
DR 88 dB 
Peak SNR I SNDR 87 dB I 85 dB 
Oversampling Ratio 100 
Sampling Rate 5 MHz 
Signal Bandwidth 25kHz 
Power Consumption 950 p,W 

Figure of Merit xl06 275 
Die Area 0.9 mm x 0.7 mm 
Technology 0.35 p,m CMOS TMDP 

0.-----~------,-------~-----r------, 

-6 dB, 3.2 kHz signal 

131Q-pointFFf 

~ -50 
0 

! 
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Fig. 14. Measured baseband output spectrum. 

ratio (SNDR) versus the relative input amplitude (Vin/'Vrer). 
An input sinusoidal signal at 3.2 kHz was used to produce these 
plots. It is apparent that the modulator achieves a dynamic 
range (DR) of 88 dB, and a peak SNR and peak SNDR of 
87 and 85 dB, respectively. The measured performance is 
summarized in Table II. Fig. 14 shows the output baseband 
spectrum for a 3.2-kHz input signal at -6 dB relative input 
level. The frequency independence of the noise floor indicates 
that the modulator's performance is thermal-noise limited 
rather than quantization-noise limited. 

Various ADC implementations are often compared using the 
following figure of merit [3]: 

FM = 4kT x DR x fN 
p 

(2) 

where fN is the Nyquist sampling frequency and P is the total 
power dissipation. Compared to another very low-voltage .6.~ 
implementation presented in [10], the current design achieves 
practically the same figure of merit, whereas the SNDR is about 
25 dB higher. Further improvement in the dynamic range may 
be obtained by reducing the opamp thermal noise. 

VII. CONCLUSION 

A 1-V .6.~ modulator has been implemented using the local 
switch bootstrapping technique. Rail-to-rail operation of boot­
strapped switches allows very low-voltagerobust SC implemen­
tations in standard CMOS technologies while avoiding tran-
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sis tor gate oxide overstress. Contrary to clock boosting circuits, 
the bootstrapping circuit presented in this work is thus fully 
compatible with future low-voltage technologies. Furthermore, 
switch charge injection and linearity is improved due to the con­
stant gate-source overdrive. An additional transistor renders the 
switch completely symmetrical and eliminates transient relia­
bility problems. 

Modifications introduced to the two-stage folded cascade 
opamp allow very low-voltage operation and permit the use of 
a passive CMFB SC circuit. 

Obtained results show the feasibility of very low-voltage high 
performance circuits using common SC techniques. 
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Invited Paper 

In linear IC's fabricated in a low-voltage CMOS technology, 
the reduction of the dynamic range due to the de offset and low­
frequency noise of the amplifiers becomes increasingly significant. 
Also, the achievable amplifier gain is often quite low in such a 
technology, since cascading may not be a practical circuit option 
due to the resulting reduction of the output signal swing. In this 
paper, :.ume uld and some new circuit techniques will be described 
for the compensation of the amplifier most important nonideal 
effects including the noise (mainly thermal and 1/ f noise), the 
input-referred de offset voltage, as well as the finite gain resulting 
in a nonidPal virwal gmund ar thl' input. 

I. lNTRODUCTION 1 

In linear active circuits, the active element most often 
used is the operational amplifier (op-amp), whose main 
function in the circuit is to create a virtual ground, i.e., 
a node with a zero (or constant) voltage at its input 
terminal without sinking any current. Using op-amps with 
MOS input transistors. the op-amp input current at low 
frequencies can indeed be made extremely small; however, 
the input voltage of a practical op-amp is usually signif­
icantly large (typically of the order of l-10 m V), since 
it is affected by several nonideal effects. These include 
noise (most importantly, 1/.f and thermal noise), the input­
referred de offset voltage, as well as the signal voltage 
needed to generate the desired output voltage of the op-amp. 
Normally, the thermal noise occupies a wide frequency 
hand, while the 1 /.f noise, offset and input signal are 
narrowband low-frequency signals. 
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The purpose of the circuit techniques discussed in this 
paper is to reduce the effects of the narrow-band noise 
sources at the virtual ground of an op-amp stage. By 
reducing the low-frequency noise and offset at the op-amp 
input, hence the dynamic range of the circuit is improved; 
hy reducing the ~ignal voltage at the virtual ground ter­
minal, the effect of the finite low-frequency gain of the 
up-amp on the signal-processing characteristics of the stage 
is decreased. Both improvements are especially significant 
for low-supply voltage circuits, which have limited signal 
swings and where the op-amp gain may be low since 
headroom for cascading may not be available. The proposed 
techniques are applicable to such important building blocks 
as voltage amplifiers, ADC and DAC stages, integrators and 
filters, sample-and-hold (S/H) circuih, analog delay stages, 
and comparators. 

Sections II and III present the two basic techniques that 
are used to reduce the offset and low-frequency noise of op­
amps, namely the autozero (AZ) and chopper stabilization 
(CHS) techniques. A clear distinction is made between 
autozeroing, which is a sampling technique, and CHS, 
which is a modulation technique, mainly with respect to 
their effect on the amplifier broadband noise. The conelated 
double sampling (CDS) technique is described in Section II 
as a particular case of AZ where, as its name indicates, 
the amplifier noise and offset are sampled twice in each 
clock period. Then, Section IV treats the most important 
practical issues at the transistor and circuit level that 
are faced when implementing the offset and noise reduc­
tion techniques discussed previously. Section V presents 
fundamental building blocks that are used for sampled­
data analog signal processing. They are all realized as 
switched-capacitor (SC) circuits and therefore exploit the 
CDS technique not only for reducing the offset and the 
1/ f noise, but also to lower the sensitivity of the circuit 
performance to the finite amplifier gain. Examples of SC 
S/H stages, voltage amplifiers, integrators, and filters are 
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Fig. 2. (a) Basic AZ circuit and autozeroed signal: (b) shows voltages in (a). 

presented. An example of the use of the CHS technique 
to realize a low-noise and low-offset rnicropower amplifier 
for intrumentation applications is presented in Section VI. 
Finally, a summary is given in Section VII, where the two 
techniques discussed in this paper are compared. 

II. AUTOZEROING AND COR REI .ATED 

DOUBLE SAMPLING TECHNIQUES 

In this section, the principle of AZ and CDS techniques 
will be introduced and their effect on offset and noise 
analyzed. 

A. Basic Principle 

The basic idea of AZ is sampling the unwanted quantity 
(noise and offset) and then subtracting it from the instanta­
neous value of the contaminated signal either at the input 
or the output of the op-amp. This cancellation can also be 
done at some intermediate node between the input and the 
output of the op-amp, using an additional input port defined 
as the nulling input and identified with the letter N in the 
schematics of Fig. l. 

If the noise is constant over time (like a de offset) it 
will be cancelled, as needed in a high-precision amplifier 
or high-resolution comparator. If the unwanted disturbance 

is low-frequency random noise (for example, 1/.f noise), it 
will be high-pass filtered and thus strongly reduced at low 
frequencies but at the cost of an increased noise floor due 
to aliasing of the wideband noise inherent to the sampling 
process. The general principle of the AZ process will first 
be described considering only the input referred de offset 
voltage Vas and will then be extended to the input referred 
random noise voltage V!v . 

The AZ process requires at least two phases: a sampling 
phase ( rf!l) during which the offset voltage Vns and the noise 
voltage VN are sampled and stored, and a signal-processing 
phase (4>2 ) during which the offset-free stage is available 
for operation. The two major categories of AZ are shown 
in Fig. 1. During the sampling phase (shown in Fig. 1), the 
amplifier is disconnected from the signal path, its inputs 
are short-circuited and set to an appropriate common-mode 
voltage. The offset is nulled using an auxiliary nulling input 
port N by means of an appropriate feedback configuration 
and/or a dedicated algorithm. The control quantity Xc is 
next sampled and stored, either in an analog form as a 
vollage using a S/H stage [Fig. l(a)] or in a digital form, 
using for example a register [Fig. l(b)]. The output T~ut is 
forced to a small value in these particular configurations. 
The input terminals of the amplifier can afterwards be 
connected back to the signal source for amplification. If 
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Fig. 3. Autozero baseband and foldover bands transfer functions. 

it is used under the same conditions as during sampling, 
the amplifier will ideally be free from any unwanted offset. 

B. The Effect of AZ on the Noise 

The autozero principle can be used not only to cancel 
the amplifier offset but also to reduce its low-frequency 
noise, for example 1 If noise. But unlike the offset voltage, 
which can be considered constant, the amplifier's noise 
and particularly its wideband thermal noise component is 
time-varying and random. The efficiency of the AZ process 
for the low-frequency noise reduction will thus strongly 
depend on the correlation between the noise sample and 
the instantaneous noise value from which this sample is 
subtracted. The autocorrelation between two samples of 
1 If noise separated by a time interval r decreases much 
slower with increasing r than it does for white noise, 
assuming they have the same bandwidth. The AZ process 
is thus efficient for reducing the 1 If noise but not the 
broadband white noise. 

Another way of looking at the effect of AZ is to note that 
it is equivalent to subtracting from the time-varying noise 
a recent sample of the same noise. For de or very low­
frequency noise this results in a cancellation. This indicates 
that AZ effectively high-pass filters the noise. 

In addition to this basic high-pass filtering process, since 
AZ is a sampling technique, the wideband noise is aliased 
down to the baseband, increasing the resulting in- band 
power spectral density (PSD) unless the system is already 
a sampled-data one. 

The effects of AZ on the amplifier's noise can be better 
understood by analyzing the simple circuit shown in hg. 2, 
where source \l;v may represent the noise at the output of 
the amplifier in the autozero phase [see, i.e., Fig. 2l(a)]. 
Each time switch S is closed, the output voltage VA.z is 

1586 

reset to zero and the noise source voltage V N appears 
across resistor R and capacitor C. Assuming RC « TAz, 
at the end of the sampling phase (when switch S opens) 
the noise voltage VN is sampled onto capacitor C. The 
output voltage becomes equal to the difference between 
the instantaneous voltage V N and the voltage Vc stored 
on capacitor C. This eliminates the de component of VN. 
but not its time-varying part. It can be shown [8] that if 
source voltage V N ( t) corresponds to a stationary random 
noise with a PSD 81¥ (f), the PSD of the autozero voltage 
across the switch can be decomposed into two components: 
one caused by the baseband noise (which is reduced by 
the AZ process) and the other by the foldover components 
introduced by aliasing. Thus 

(1) 

where 

SrolJ(f) = E IHn(fWSN (1- ;J-
n=-CX) 

(2) 

n'T'O 

The foldover component results from the replicas of 
the original spectrum shifted by the integer multiples of 
the sampling frequency. The baseband transfer function 
IH0 (f)i2 is given by (see (3) at the bottom of the page) 
where d = ThiTs is the duty cycle of the clock signal 
[Fig. 2(b)]. The magnitude of H 0 (f) nonnalized to the 
duty cycle d is plotted as a function of fTh in Fig. 3, 
which shows its high-pass characteristic. Note that for 
7r fTh ~ 1, H0(j) acts like a differentiator 

(4) 

It imposes a zero at the origin of frequency axis that 
cancels out any de component present in VTV ( t). The other 
transfer functions 1Hn(.f)l2 for n i= 0 are derived in the 
Appendix. Their shape depends on the duty cycle d, but 
they all merge to a common function in the case the AZ 
time T AZ can be considered much smaller than the hold 
time (TA.z « Th) 

IHnUW ~ [d · sinc(7rfT~tJF 
for n i- 0 and TAz ~ Th (5) 

where sinc(x) = sin(x)lx. IHn(f)l is plotted in Fig. 3. 
The PSD at the output of the AZ circuit clearly de­

pends on the PSD of the source which is autozeroed. The 
low-frequency input-referred noise PSD of an amplifier 
generally contains both a white and a 11 J noise component. 
It can be written in the following convenient form: 

(6) 

(3) 
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Normalized PSD 

Fig. 4. Aliasing of an ideally low pass filtered white noise having 
a bandwidth equal to twice the sampling frequency. 

where 50 represents the white noise PSD and fk is the: 
corner frequency, defined as the frequency for which the: 
1 If noise PSD becomes equal to the white noise S0 . The 
corner frequency of amplifiers having MOS input devices 
can be relatively high (typically ranging from 1 kHz to 
as high as 100kHz), which means that in the absence of 
aliasing the input noise is often dominated by the 1lf noise 
component in the frequency range of interest. The effect 
of AZ will be examined separately for each of these PSD 
components. starting with the white noise. 

The foldover component defined by (2) can easily be 
calculated if the amplifier's broadband white noise is con·­
sidered as an ideally low-pass filtered white noise having 
a bandwidth equal to B. The aliasing effect introduced by 
the sampling process in this case is illustrated in Fig. 4 
for BT, = 2 (i.e., for a noise bandwidth B = four times 
the Nyquist frequency). Fig. 4 clearly shows the effect of 
undersampling the broadband white noise: the original noise 
power spectrum is shifted by multiples n of the sampling 
frequency and summed, resulting in a white noise of PSD 
value approximately equal to N S0 , where N is the integer 
closest to the under sampling factor defined by 2BT,. Thus 

n~oo SN (1- ;, ) ~ 2BTsSo. (7) 

The signal corresponding to (7) has no physical reality 
since its power is infinite. The power is actually bounded by 
the sinc2 

( 1r.fTs) function introduced by the hold operation. 
The foldover component in the Nyquist range is then simply 
derived from (7) by subtracting the original band (n = 0) 
and multiplying the remainder by the sinc2 

( 1r fTs) function: 

Ehotd-white(f) = (2BT8 - 1)So sinc2 (7r.fT8 ). (8) 

This result can be extended to the case of a first-order 
low-pass filtered white noise with a PSD 

So 
SN-whitc(.f) = 2 

1+ (JJ 
(9) 

where .fc is the 3-dB noise bandwidth, which typically 
corresponds to the amplifier gain-bandwidth product when 
the noise is sampled with the op-amp in a unity-gain 
configuration. Therefore, .fc is generally much larger than 

the sampling frequency .fs ==: 1IT., The detailed analysis 
given in [8] shows that (8) also holds for the foldover 
component of a first-order low-pass filtered white noise if 
B is replaced by the equivalent noise bandwidth defined by 

1 j+x 
B ==: So -·oo SN-white(.f) df 

7r 
=2 .fc· (10) 

If the undersampling factor 2BT8 = 1r .fr:Ts is much larger 
than unity, the foldover component dominates, since the 
baseband term I H o (.f) 12 is bounded by 1.6. The auto zeroed 
white noise is thus dominated by the aliased broadband 
noise component and can be approximated by 

SA"' - white (f) ~ Srold - white(.!) 

~ (pifcTs- 1)Sosinc2 (1rjT8 ). (11) 

The PSD of a first-order low-pass filtered white noise 
having a bandwidth five times larger than the sampling 
frequency2 (fcTs = 5) and the different PSD components 
resulting from the AZ process are plotted in Fig. 5. It clearly 
shows that the autozeroed noise PSD is dominated by the 
foldover component in the Nyquist band (l.fTsl :=:; 0.5). 

A similar analysis can be carried out for a first-order 
low-pass filtered ll.f noise having a PSD given by 

Soh 
(12) 

As shown in Fig. 6, the input 11 .f noise is zeroed, 
removing the original divergence of the 11 f noise occurring 
at the origin of frequency. Although 11 f noise has a narrow 
bandwidth, it still has a foldover component due to the 
aliasing of all the tails of the ll.f noise. This foldover 
component and the orig:mal baseband PSD are plotted in 
Fig. 6 for .fcT., = 5 and for a comer frequency equal to the 
sampling frequency (.fkTs = 1). 

The foldover component for the 11 f noise can be ap­
proximated [8] in the Nyquist range by 

S'rold-1/.f ~ 2SofkTs[1 + ln (V'cTs)]sinc2 (7r/T8 ). (13) 

Comparing Srold-l/f to the corresponding term obtained 
for the white noise (8), it can be seen that it increases 
proportionally to .fcTs for the white noise, but only log­
arithmically for the 1/ f noise. The effect of aliasing on 
the 1 I .f noise is thus not as dramatic as on the broadband 
white noise. 

The PSD at the output of the AZ circuit at low frequen­
cies, considering both the white and the 1 If component 
given by (6) and assuming 1r JeTs » 1, can simply be 
obtained from (11) and (13): 

2 This selection reflects the requirement fc T, 2: 5 needed for the full 
settling of an SC stage [10]. 
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Fig. 6. Effect of the AZ process on a first-order low-pass filtered 1/ f noise having a bandwidth 
live times larger than the sampling frequency. 

where the total foldover component is given by 

Sfold =So{ (;r JeT~ - 1) + 2/k Ts [1 +In (~JeTs)]} 
· sinc2 

( 1r fT.s). (15) 

The comer frequency for which the 1/ f noise foldover 
component [given by (13)] is equal to the foldover compo­
nent coming from the white noise [as given by (8)] is plotted 
against the normalized white-noise bandwidth in Fig. 7. The 

1588 

total foldover term given by (15) is thus dominated by the 
1/ f noise contribution for parameter values (fkTs, JeTs) 
falling in the region above this curve, while it is dominated 
by the broadband white noise contribution below the curve. 
For example, an amplifier autozeroed at 100 kHz and 
having a gain-bandwith product equal to 7 x fs = 700 
kHz should have a comer frequency larger than 4.13 x 
is = 413 kHz for the l / f noise foldover to dominate. 
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Fig. 7. Comparison between the 1/ f and white noise contribu­
tion to the total foldover component as a function of the white-noise 
bandwidth. 

100 

This demonstrates that in most practical cases the foldover 
component is dominated by the broadband white noise. 

In conclusion, it was shown in this section that the 
AZ process not only cancels the amplifier's offset, but it 
also strongly reduces the amplifier 1/ f noise thanks to 
the double zero introduced by the AZ baseband power 
transfe; function. This improvement is obtained at the 
cost of an increased white noise foldover component due 
to the aliasing of the amplifier's thermal and as well as 
1/.f noise. Tn most practical cases, this foldover term is 
dominated by the aliased thermal noise component, which 
is approximately equal to the amplifier's original broadband 
thermal noise multiplied by the ratio of the equivalent noise: 
bandwidth to the Nyquist frequency. 

C. Residual Offset 

Next, the effectiveness of the stages of Fig. 1 in eliminat·· 
ing the effects of Vas will be discussed. Since the additional[ 
input used in the amplifiers of Fig. 1 for nulling the offset 
can either be a voltage or a current, it will generally be 
denoted as a control variable X c. Changing this input when 
the amplifier is in the sampling phase, as shown in Fig. I, 
allows the zeroing of the output voltage for a particular 
value of the control variable. 

Let the input-referred offset Vio, be defined as the output 
voltage during the offset sampling phase divided by the 
differential gain of the amplifier in the amplification mode. 
The relation between this input-referred offset and the 
control variable is schematically plotted in Fig. 8, and is 
first assumed to be linear (see the continuous straight line 
in Fig. 8). Assume that the amplifier has an initial offset a:; 
shown in Fig. S(a). The appropriate feedback configuration 
or the dedicated algorithm will have to bring this offset very 
close to zero. When the loop has settled or the algorithm 
is completed, the control information is stored. During the 
storage process, there might be some error L'l.xc introduced 
into the control variable, due for example to charge injec­
tion by the sampling switch, or to the quantization error 
of the AID converter, that leads to a residual offset 1;ios-lin 

or Vios-NL depending if the compensation characteristic is 
linear or not. It is important to notice that the characteristics 

input referred offset 

residual offset Vos-NL-t-----+----+---¥---1 

Yes-lin 

(a) 

input referred offset 

M<c 

(b) 

Fig. 8. Input-referred offset ~ersus nulling control variable: (a) 
large initial offset and (b) small initial offset. 

between the control variable and the input-referred offset 
voltage is not required to be linear. An example of a 
nonlinear characteristic is illustrated in broken lines in 
Fig. R(a) and (b). Let L~ V be defined as the difference 
between the initial offset and the offset corresponding to 
the point where the incremental gain on the nonlinear 
characteristic equals the slope of the linear characteristic. 
The resulting residual offsets of the linear (1;ios-lin) and 
the nonlinear ( 1;i0 s- i\L) characteristics resulting from equal 
control errors L'l.xc are compared in Fig. 8(a) for an initial 
offset larger than L'l. V. The residual error of the nonlinear 
characteristic is obviously larger. On the other hand, if the 
initial offset is already small compared to L'l..V [Fig. 8(b)], 
the residual offset of the nonlinear characteristic becomes 
smaller. A nonlinear offset-nulling characteristic can thus 
potentially reduce the sensitivity to control errors and hence 
reduce the residual offset But this only happens if the initial 
offset is already small. The choice between a linear or a 
nonlinear control characteristic depends on the anticipated 
initial offset reduction strategy and the test methodology. 

D. Correlated Double Sampling 

In the AZ principle described in Fig. I, the amplifier has 
to be disconnected from the signal path during phase ¢1 in 
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Fig. 9. The chopper amplification principle [19:. 

Vaut(l) 

4~~Vtpt :verage 
8/1t ·Ao·V;0 

t 
T/2 T 

Fig. 10. Waveforms appearing along the chopper amplifier for a de input and an amplifier 
bandwidth limited to twice the chopper trequency. 

order to S/H its own offset and noise. It is therefore only 
available for amplification during phase r/;2. Although this 
may be incompatible with continuous-time applications, it 
is well suited to sampled-data systems such as SC circuits 
where all the signals are sampled at the end of a phase and 
held during the complementary time interval. The amplifier 
can then be autozeroed while the voltages are held and 
connected back for amplification when needed [20]. After 
the AZ phase, the output of the amplifier is then sampled 
again by the next stage esc integrator or sc amplifier). 
There are thus two sampling operations: a first one to 
sample the amplifier noise and offset (AZ) followed by 
a second sampling of the signal and the instantaneous (or 
direct) noise of the amplifier in hold mode. Note that the 
AZ phase may require one additional phase [20j. 

The CDS technique which has originally been introduced 
to reduce the noise produced in charged-coupled devices 
(CCD's) [131, [14] can be described as an AZ operation 
followed by a S!H. lt is widely used in sampled-data 
systems and particularly in SC circuits (see Section V). 

Although the signal at the output of a circuit using CDS 
is now SIH, the effect of CDS on the amplifier offset and 
noise is very similar to that of the AZ process. The baseband 
transfer function Ho(!Ts) still imposes a zero at the origin 
of frequency that cancels any offset and strongly reduces 
the 1/ f noise in the same way the AZ technique does. On 
the other hand, although the transfer functions for n =P 0 
are different from those obtained for the AZ process, the 

1590 

foldover component due to aliasing is comparable since the 
wideband noise has already been sampled once. 

III. THE CHOPPER STABILIZATION TECHNIQUE 

In this section, an alternative technique for the sup­
pression of the low-frequency noise, called (for historic 
reasons) chopper stabilization (CHS), will be introduced. 
Its properties will be analyzed and compared with those of 
the AZ and CDS schemes. 

A. Basic Principle 

The CHS technique was introduced about 50 years ago to 
realize high-precision de gains with ac-coupled amplifiers. 
These were originally constructed using vacuum tubes and 
mechanical relay choppers. When solid-state components 
became available, they were then made with modular and 
hybrid techniques. Now they can easily be realized on-chip 
by taking advantage of integrated switches. 

Unlike the AZ process, the CHS technique does not use 
sampling, but rather applies modulation to transpose the 
signal to a higher frequency where there is no 1/ f noise, 
and then demodulates it back to the baseband after ampli­
fication. The chopper amplification principle is illustrated 
in Fig. 9. 

Suppose that the input signal has a spectrum limited to 
half of the chopper frequency so no signal aliasing occurs, 
and that the amplifier is ideal, with no noise or offset. This 
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Fig. 11. Chopper modulation. 
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Fig. 12. Chopper output PSD for a first-order low-pass filtered 
white noi ~e. 

input signal is multiplied by the square-wave carrier signal 
m1 (t) with period T = 1/ !chop· After this modulation, 
the signal is transposed to the odd harmonic frequencies of 
the modulation signal. It is then amplified and demodulated 
back to the original band. Assuming that the input of the 
chopper amplifier is a de signal Vi,, the signal at the output 
of the first chopper modulator is a square wave of period 
T and amplitude Vim. If the amplifier has a gain A0 , an 
infinite bandwidth and does not introduce any delay. the 
signal at its output is simply the same square wave with 
an amplitude 1i0 · Vin and the signal after demodulation is 
again a de signal of value A0 • Vin. To illustrate a less ideal 
solution, assume now that the amplifier has a constant gain 
.t1u up to twice the chopper frequency and is zero otherwise 
(ideal low-pass). As shown in Fig. 10, the amplifier output 
signal VA ( t) is now a sinewave corresponding to the 
fundamental component of the chopped de signal witlh 
an amplitude (4/Jr)(Ao · Vin)· The output of the second 
modulator is then a rectilled sinewave containing even­
order harmonic frequencies components. The de value after 
low-pass filtering is (8/Jr2 )(A0 · Vin), corresponding to an 
equivalent de gain of (8/"Tl2

) • A0 "'-' 0.8 · A0 . This example 
shows that the finite bandwidth of the amplifier introduces 
some spectral components around the even harmonics of 
the chopper frequency which have to be low-pass filtered 
to recover the amplified signaL The gain of the choppt::r 
amplifier is also sensitive to the delay introduced by the 
main amplifier. Assume again that the input is a de signal 
Vi, and that the amplifier has an infinite bandwidth but 
introduces a constant delay, say of a quarter of a period 
T /4. If the input and output modulators are in phase, 
the output signal is a chopped cosine wave, without a die 
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Fig. 13. Chopper modulated white noise at zero frequency as a 
functwn of the original white noise bandwidth. 
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Fig. 14. Chopper output PSD for a 1/ f noise. 

1.0 

component and containing only odd ham10nics. This means 
that the de gain of the overall chopper amplifier is zero. If 
the same constant delay is introduced between the input and 
the output modulators, the output signal is again a rectified 
sine wave. This shows that in order to maintain a maximum 
de gain, the phase shift between the input and the output 
modulators has to match precisely the phase shift introduced 
by the amplifier. 

Since the noise and offset are modulated only once, 
they are transposed to the odd harmonics of the output 
chopping square wave, le:aving the amplifier ideally without 
any offset and low-frequency noise. 

B. The Effect of Chopping on the Amplifier Noise 

The effect of the chopper modulation on the amplifier 
noise can be analyzed from Fig. 11 where \l;v(t) is the 
noise and m ( t) the carrier signal. 

The bilateral PSD of the chopped output signal Vcs(L) 
is given by 

ScsCf) = ( ~) 
2 

n~= ~2 SN (!- y). (16) 

n o<lil 
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Fig. 15. Experimental chopper amplifier. (a) Experimental chopper amplifier schematic. The 
chopper frequency has been set to the amplifier corner frequency !chop = fA = 1 kHz. (OAl 
ami OA2 are, respectively, a CA3420 and 11 A 741 and the switches are MC14016.) (b) Measured 
input referred PSD without and with the chopper. 

The output PSD, resulting from the summation of the 

replicas of the original spectrum shifted to the odd har­
monics of the chopper frequency, is plotted in Fig. 12 for 
n = 1, -1, 3, -3 and for an amplifier cut-off frequency 
fc equal to five times the chopper frequency 1/T. IL can 

be approximated in the baseband (ifTI :S:: 0.5) by a white 
noise PSD 

(17) 

which for fcT » 1 which can further be approximated by 

Scs-whiteU) ~So for IJTI :S:: 0.5 and f] » 1. 

(18) 

Unlike the AZ technique, the chopper modulation does 
not introduce aliasing of the broadband noise, which for AZ 
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causes the PSD in the baseband to increase proportionally 
with the ratio of the noise bandwidth and the sampling fre­
quency. As shown by (17), the baseband PSD resulting from 
the chopper modulation is nearly constant (white noise), and 
it tends to the value of the input white noise S 0 for a large 
.fcT. This is due to the fact that the noise is not sampled nor 
held, just periodically inverted without changing the general 
properties of the noise in the time domain. Although the 
chopper modulator output PSD results from a summation as 
for the S/H process, in the chopper modulation the replicas 
are multiplied by 1/n2, making their contribution to the 
baseband decrease very rapidly. 

The PSD given in (17) is plotted in Pig. 13 against 
the white-noise bandwidth normalized to the chopper fre­
quency. It shows that the chopper-modulated PSD is always 
smaller than the PSD of the original white noise, and 
tends asymptotically to it for very large cutoff to chopper 
frequency ratios. It becomes equal to 90% of the original 
spectrum for .fcT slightly larger than six. 

The effect of the chopper modulation on the 1/ f noise 
can also be analyzed using (16), assuming a cutoff fre-

PROCEEDI]';GS OF THE IEEE, VOL. 84, NO. 11. NOVEI\1DER 1996 

ANALOG EXHIBIT 1002 
Page 153 of 297



(a) 

infinite bandwidth 

-- '-- £---- ---- -_--
t.-----
1 

3 5 

"'1/t 

7 9 

(b) 

Fig_ 16- Spike signal appearing at the input of the amplifier and causing residual offset. (a) Spike 
signal at the amplifier input and (b) spike signal and chopper modulated signal spectra with amplifier 
bandwidth characteristics. 

First harmonic 

/Input 

-···-... 

' 0.5\, 

_/, 1'1" 
-- amp tter 

output 

Third harmonic 

Fig. 17. Effect of the phase shift introduced by a second-order low-pass selective amplifier on 
the first and third harmonics. 

quency much larger than the chopper frequency and an 
input PSD given by 

fk fkT 
SN-Ijj(f) =So m =So 1fT. (19) 

The result of the summation is plotted in Fig. 14, which 
clearly shows that the 1 If noise pole has disappeared from 
the baseband since it has been transposed to ±11T and to 
the odd harmonics of the chopper frequency. It also shows 
that the chopped 1 If noise PSD can be approximated in 
the hasehand hy a white noise component 

Scs-1/f(f) ~ 0.8525So.fkT. (20) 

The total residual noise in the baseband for a typical 
amplifier input referred noise given by (6) can be obtained 
by adding (18) and (20), resulting in 

Scs(f) ""S0 (1 + 0.8525fkT) 

forlfTI :<::; 0.5and.f,T d> 1. (21) 

According to (21), a good compromise is obtained by 
choosing the chopper frequency equal to the amplifier 
comer frequency. The resulting white noise PSD increase 
is then less than 6 dB. Equation (21) has been verified 
experimentally on a breadboard circuit. The schematic is 
presented in Fig. 15(a), and the measured input referred 
noise PSD with and without the chopper is shown in 
Fig. 15(b). The chopper frequency was set equal to the 

amplifier comer frequency at 1/T = .h: = 1 kHz. The 
white noise component of the amplifier without the chopper 
was estimated to be 37 nV/ JHZ, and the theoretical white 
noise of the amplifier with the chopper active as calculated 
from (21) was 50.4 n V /VHz which is very close to the 
measured result shown in Fig. 15(b). 

C. Residual Offset 

Residual offset is mainly due to the nonidealities of 
the chopper modulators and more specifically of the input 
modulator. If the modulators are realized with simple MOS 
switches, these nonidealities will include clock feedthrough 
and charge injection (see Section TV-A for a discussion 
of these and other nonideal effects). More generally, any 
spikes caused by the modulator nonidealities and appearing 
at the amplifier input will be amplified and demodulated 
by the output modulator, giving rise to a residual de 
component. Since only the odd harmonics of the chopper 
frequency will contribute to the residual offset, the positive 
and negative spikes will have an odd symmetry (Fig. 16). 

Since the time constant T of these parasitic spikes is 
generally much smaller than the half chopper period T/2, 
most of the spike energy appears at frequencies higher than 
the chopper frequency. The spectra of the signal resulting 
from such spikes and of a chopper-modulated signal at the 
amplifier input are shown in Fig. l6(b). Since the spectral 
envelope is inversely projportional to frequency, the output 
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signal after amplification and demodulation is essentially 
reconstructed by the fundamental component. Using an 
amplifier with a bandwidth much larger than the chopper 
frequency results in a maximum gain approximately equal 
to the de gain of the amplifier A0 , but also leads to a 
maximum output offset voltage, since almost all the spectral 
component of the spike signal will contribute. The input 
referred otfset can be calculated assuming that r « T /2 
[8], [12]: 

T7 c;, 2T TT . 
"os - T Vsp1ke (22) 

where V,pike is the amplitude of the spikes at the chopper 
amplifier input as shown in Fig. 16(a). Keeping the same 
gain A0 in the passband, but limiting the bandwidth to twice 
the chopper frequency slightly lowers the overall de gain to 
(8/7r2)A0 = 0.81A0 , but greatly reduces the offset voltage 
referred to the input. The new value is 

(23) 

which is much smaller than that given by (22), since r 
has been assumed to be much smaller than T/2. Therefore, 
the offset can be reduced drastically, without losing too 
much signal gain, by limiting the amplifier bandwidth to 
twice the chopper frequency. It can be shown that (23) also 
holds for a second-order low-pass or band-pass selective 
amplifier with its resonance frequency locked to the chopper 
frequency. This is essentially due to the phase characteristic 
of the selective amplifier. As illustrated in Fig. 17, for a 
constant input signal V;n and a low-pass selective amplifier. 
the fundamental component is delayed by a quarter of a 
period while all the harmonics are delayed by half a period. 
making their mean values equal to zero after demodulation. 
Since the offset is not further reduced by using higher­
order selective filtering characteristics, the second-order 
selective amplifier is the best trade-off between circuit 
complexity and residual offset. Note that the band-pass 
selective amplifier is the simplest since it does not require 
any delay between the input and output chopper signals. 

IV. PRACTICAL IMPLEMENTATION ISSUES 

A. Nonideal Effects in Switches 

The S/H circuit as well as the chopper modulator are 
most often realized using MOS switches. The MOS switch 
nonidealities include a nonzero and nonlinear on-resistance. 
However, the most important factors affecting residual 
offset are the following: 

• clock feedthrough; 
• channel charge injection; 
• sampled noise; 
• leakage current. 

Clock feedthrough and channel-charge injection will be 
considered first. 

Each time a switch is turned off, the charges in its 
conducting channel are released and removed through the 
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Fig. 18. Basic S/H circuit. 

MOS source and drain terminals (the fraction of charges 
that flows to the substrate can generally be neglected). The 
partitioning of these charges between the source and drain 
depends mainly on the ratio of the total capacitance ch 
at the switch drain (the hold capacitor) and at the source 
(Cp, corresponding to the total parasitic capacitance) and on 
the so called "switching parameter" [2] determined mainly 
by the transistor's "on" resistance Ran and the slope of 
the clock signal applied to the gate. The channel charge 
is split equally between source and drain only if either 
the capacitances Cp and Ch are equal (independent of the 
switching time), or if the switching transition time is much 
less than the RanG time constant (independent of Cp /C.\). 
In general, for slowly falling clock signals, the channel 
charge is divided unequally between source and drain, 
going mostly to the tem1inal showing the lower impedance. 
In the case where the source or drain capacitance is much 
larger than the other, most of the charge flows to the larger 
capacitance. The charge qinj injected into the hold capacitor 
is thus difficult to predict accurately. There are, however, 
circuit techniques which can reduce the effect of charge 
injection. The simplest one uses complementary switches 
in such a way that the charges released by one switch are 
absorbed by the complementary device building its channel. 
This technique is rather inefficient, since the matching 
between the channel charges of the n-MOS and the p­
MOS devices is poor and signal dependent. This charge 
mismatch is further degraded by phase jitter between the 
two complementary clocks. Other more efficient strategies 
include: 

1) making capacitance CP much larger than Ch (by 
adding an extra capacitor) and choosing a switching 
parameter much smaller than one (by choosing a 
slow clock transition) in order to attract most of the 
channel charge to Cp, reducing qinj almost to zero 
[Pig. 19(a)]. This technique of course sets a limit 
on the maximum clock frequency. Furthermore, the 
charge flow due to the overlap capacitance Cov is 
still present; 

2) making cp equal to ch to force the channel charge 
to split equally between source and drain, and then 
compensating the injected charge by adding half-size 
dummy switches [Fig. 19(b)]; 
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Fig. 19. First-order charge injection cancellation techniques: (a) large shunt capacitor and slow 
clock transition time, (b) symmetrical capacitances ( Cp = Ch ) with half-sized dummy switches, 
(c) short clock transition time with half-sized dummy switches, and (d) fully differential structure. 

3) using a very short transition time to force the channel 
charge to split equally between source and drain and 
then compensating the injected charge by half-sized 
dummy switches lhg. 19(c)]; 

4) using a fully differential structure. If the injected 
charges to the differential capacitors are matched, the 
resulting voltage appears as a common-mode voltage 
ami is therefore rejected [Fig. 19(d)]. This usually re­
quires the generation of delayed-cutoff clock phases. 

It should be noted that none of the previous described 
techniques offers a perfect charge-injection cancellation. 
Furthermore, the efficiency of the half-sized dummy tran­
sistor technique depends on a proper layout in order to 
insure a good matching and a first-order insensitivity to 
doping gradient. The technique which usually offers the 
best results is a combination of a fully differential structure 
and the half-sized dummy transistor technique described in 
3) and 4). 

It is also important to notice that the simulation of the 
charge injection effect at the transistor level using a circuit 
simulator such as SPICE often does not yield accurate 
results. This is mainly due to the problem of inaccurate 
charge conservation inherent to such simulators, combined 
with an incorrect modeling of the MOS transistor's intrinsic 
charges and of the partitioning of the channel charge 
between source and drain [37]-[43]. A clear discussion 
of charge conservation in MOSFET models and SPICE is 
given in [43]. 

Each time the switch of Fig. 18 is opened, an additional 
error charge due to the thermal noise of the switch channel 

Fig. 20. Open-loop otlset cancellation technique. 

will be sampled on the hold capacitor Ch. The variance of 
this noise charge is equal to kTCh [1]. [2], corresponding 
to a sampled noise voltage variance equal to kT /Ch. 

For very long hold time and/or for high-temperature 
operation [35], the leakage current !leak associated with the 
drain-to-bulk junctions also has to be taken into account, 
since it will discharge the hold capacitor and thus introduce 
an additional error into the sampled voltage. 

The total error 6. V in the sampled voltage across the 
hold capacitor due to clock feedthrough, charge injection, 
sampled noise and leakage current is given by 

, Crn, q,inj {7;-T IieakTh 
6. V = a V:wirw + -

0 
+ -C + -

0
--

Cm, + Ch , b '" /}, h 
' (24) 

where \!;;wing is the swing of the clock signal and !leak the 
leakage current of the drain-to-bulk diodes at the operating 
temperature. The attenuation factor n < 1 accounts for 
the part of the total charge Cov v;,wing coming from the 
overlap capacitor and flowing to ground instead of the hold 
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Fig. 21. Clo,ed-loop-amplifier offset cancellation principle. (a) 
offset sampling phase (AZ) and (b) amplification phase. 

capacitor. It is important to notice that all contributions 
appearing in (24) decrease if a larger hold capacitor is 
used. Since in most practical cases the second term of 
(24) dominates, the voltage change Ll. V will be replaced 
by qinj / ch in the following discussions. 

B. The Open-Loop Offset Cancellation Principle 

The simplest way to implement offset cancellation is to 
sample the offset at the output of the amplifier as shown 
in Fig. 20. This technique is sometimes called output offset 
storage (OOS) [2], [6], [33]. During the AZ phase, the input 
switch St and the output switch S2 are both connected to 
ground. Switch S2 is then opened and the offset voltage 
Va-< multiplied by the amplifier gain .11 remains stored on 
capacitor G. This stored output voltage is altered by an error 
voltage q,nJ / C caused by the charge injection occurring at 
the opening of switch S2 . After the AZ phase, the input 
terminal of the amplifier is connected back to the signal by 
switch S1. The input-referred residual offset is thus limited 
by the charge injection qinj (or charge injection mismatch 
6.qinj in the case of a differential implementation) 

V _ 1 qinj 
as-res- A C-. (25) 

This technique is obviously effective only if the amplifier 
does not saturate during the offset-sampling phase. This 
requires that the output-referred offset remain smaller than 
the minimum saturation voltage. This is possible only if the 
amplifier gain is relatively small (typically, less than ten), 
or if C and S2 follow the first stage of the amplifier. 

C. The Closed-Loop Offset Cancellation Principle 

The open-loop offset cancellation principle is not well 
suited to high-gain amplifiers. It is usually preferable there 
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Fig. 22. Multistage offset cancellation principles. 

Fig. 23. 
input. 

Offset compensation using an additional offset nulling 

to sense the amplifier's offset in a closed-loop configuration 
as shown in Fig_ 21. 

During the sampling phase, the amplifier is disconnected 
from the signal path and connected in a unity-gain configu­
ration as shown in Fig. 2l(a). Assuming that the open-loop 
gain A of the amplifier is much larger than one, the 
voltage Y.-. obtained across the storage capacitor C after the 
amplifier has settled is almost equal to its otlset voltage V08 

(26) 

This voltage (plus an additional error qinj / C caused by 
the charge injection occurring when switch S1 opens) is 
stored across capacitor C. The charge will remain trapped 
on capacitor C since the input current of the amplifier 
is zero for a MOS input stage, and hence capacitor C 
behaves like a floating voltage source equal to 1/08 plus 
the charge-injection error. After this sampling phase, the 
offset-compensated stage is available for amplification and 
is connected again to the signal path. The residual offset 
can then be found 

(27) 
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Fig. 24. Realization of the nulling input port using an additional differential pair connected in 
parallel with the main pair: (a) principle ami (b) compkte AZ scheme. 

It is thus nearly equal to the original offset divided by the 
amplifier de gain, and is ultimately limited by the charge­
injection term qinj/C. The latter could be reduced to a 
mismatch error of charge injections if a fully ditferential 
configuration is used. 

The amplifier is in general connected in a closed-loop 
configuration for amplification, and in an open-loop con­
figuration when it is used as a comparator. 

In the scheme described above, the amplifier is not 
available to the external circuitry during the offset sampling 
phase. This is not a major drawback for most applications. 
In case continuous-time amplification is required, the offset­
free amplifier can be duplicated and used in a time-shared 
("ping-pong") operation [25], [26], or the continuous-time 
feedforward technique discussed below in Section IV-F 
may be used [22], [35], [36]. 

D. Multistage Offset Storage 

If high gain and speed is required, several single-stage 
amplifiers can be cascaded as shown in Fig. 22 [33], [50]. 
The circuit of Fig. 22(a) operates as follows. In the offset 
sampling phase (shown in Fig. 22), the negative inputs of 
all the amplifiers are connected to ground. Switch S1 is 

then opened first, causing some charge to be injected into 
capacitor C1 , which results in an error voltage appearing 
at the negative input of the second amplifier. This error 
voltage can be viewed as a change in the input-referred 
otfset voltage of the second amplifier and will thus be 
cancelled along with V~s:2 • Subsequently, switches S2 , S3 , 

· · ·, SN are opened successively, so that the only offset 
voltage affecting the output is due to the charge injection 
of switch S N into capacitor C N. Since the total gain is 
equal to the product of the individual gains, the equivalent 
input-referred offset is 

· qinj-N 

() N 
(28) 

which is obviously much lower than that obtained for a 
single-stage low-gain amplifier. 

The circuit of Fig. 22(b) operates in a similar way. When 
switch s1 opens, charge is injected onto capacitor c1 

resulting in an output voltage V1 for the first amplifier 
equal to V05 1 + A 1 q;,,it/ C 1 for A 1 :.P 1. When switch 
S2 opens, the sum of V1 ., the offset voltage of the second 
amplifier Vas2 and the charge injection voltage qinj2/C2 
of switch S2 is stored on capacitor C 2 . The output voltage 
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of the second amplifier when both switches S1 and S2 are 
opened sequentially is thus independent of the voltage 171 

and is simply equal to for Vas2 + AzqinjdCz for Az :::>- 1. 
This means that neither the offset nor the charge-injection 
errors propagate along the amplifier chain. The output offset 
is therefore affected only by the last stage, and equals 
VosN + ANqinJN ICN. Hence, the equivalent input-referred 
offset is given by 

V A . qin]N 
osN + N 

v ""' ___ eN 
os-res - A1A2 ... AN (29) 

which is again much lower than the offset obtained for a 
single-stage low-gain amplifier. 

High-gain and high-precision amplifiers or comparators 
can thus be realized simply hy cascading low-gain stages 
and performing an input or output offset cancellation. If the 
switches are opened sequentially, the output offset is only 
determined by the last stage. The equivalent input-referred 
offset can thus be made extremely small. It should be 
noticed that this is true only if the delay between the edges 
of the clock pulses controlling switches S1 to SN is long 
enough to allow complete offset storage on the capacitors 
[6]. Note also that using a cascade of low-gain stages in a 
feedback amplifier may lead to stability problems. 

E. Closed-Loop Offset Compensation Using 
an Auxiliary Input Port 

The charge injection term appearing in (27) can be 
drastically reduced by storing the offset voltage at some 
intermediate node instead of at the amplifier input. The 
basic principle is that the gain A1 from the signal input 
to the output is now higher than the gain ib from the 
nulling input to the output. The voltage change at the 
nulling input due to charge injection is therefore divided 
by the ratio ih I Az which can be set much larger than one. 
The compensation is often realized using transconductance 
stages as shown in Fig. 23. Amplifier A3 has been added 
to avoid loading the main amplifier with the hold capacitor 
Ch and therefore slowing down the AZ process. This allows 
the reduction of the effects of charge injected by switch S1 

and of the kT ICh sampled noise by using a large hold 
capacitor Ch. It can also increase the compensation loop 
gain and therefore reduce the residual offset, as will be 
shown hereafter. In the case a compensation loop gain 
.9mzRL is sufficient, amplifier A3 can be a simple voltage 
follower. 

Assume that the input terminals of the main amplifier are 
short-circuited and that the compensation loop is still inac­
tive (switch S1 is open). The output voltage is zeroed if the 
current Iz = -9m2 Vr is equal to the current -JL = .9m 1 Va." 
i.e., if the control voltage 11;, is equal to - (gm 1 I .9m2) Yo.<. 

The ratio gmi/gm"2 should be chosen such that the control 
voltage V::- is much larger than the offset at the input of 
9m2 introduced by the nonidealities of the compensation 
loop containing transconductor gm 2 and amplifier A3 . On 
the other hand, the maximum value 1/;,-max of the control 
voltage before transconductor .1Jm2 saturates should be 
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Fig. 25. Realization of the nulling input port using a degener­
ated cun·ent mirror: (a) principle, (b) adjustable current mirror, 
(c) equivalent schematic of (b). and (d) nulling current lransfer 
characteristic. 

chosen such that the maximum input offset voltage Vas-max 

can still be compensated. This sets the maximum value for 

the ratio .9mll9m2 equal to IVc-maxiVas-maxl· 
The control voltage v~ is developed during the AZ phase 

by sensing the output voltage in a closed-loop configuration 
(with switch S1 closed). Defining A1 = .9m1RL, the 
resulting output voltage is then equal to the initial offset 
-A1 V0 •5 at the output divided by the compensation loop 
gain (which is assumed to be much larger than one). The 
corresponding input-referred residual offset is given by 

(30) 
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ne~jative feedback 

Fig. 26. Continuous-time AZ amplifier using feedforward technique. 

Fig. 27. Uncompensated SC voltage amplifier. 

where A1 = 9mzR£. The residual input-referred offset 
can thus be made small by choosing the loop gain A 2 A 3 

sufficiently large. Equation (30) ignores the charge injection 
occurring at the end of the AZ phase when switch S1 opens .. 
The input-referred residual offset voltage including charge 
injection of switch sl is given by 

V "" Vas . Az qinj 
ns-res- -A2A~- Al c;: 

_ Vas _ Dm2 q.inj 

A2A3 9ml Ch 
(31) 

As already mentioned, the first term of (31) can be 
made small by choosing a sufficiently large loop gai111 
AzA3, whereas the effect of charge injection is essentially 
determined by the ratio of the transconductances Dmz/ Dml. 

Assuming that the first term of (31) can be made negligible., 
the minimum value of ratio 9ml/Dmz should then be chosen 
such that the current at the output of transconductor gm2 due: 
to charge injection remains smaller than the output current 
of transconductor Dml produced by the maximum toleratedl 
residual offset voltage: 

(32) 

The ratio 9m 1 /9m2 is thus limited by a lower bound set 
by the ratio of the voltage due to charge injection on ch to 
the maximum acceptable residual offset. Its upper bound is 
determined by the ratio of the maximum admissible control 
voltage before the gm2 transconductor reaches saturation to 
the maximum initial offset to be compensated. Therefore, 
it must satisfy 

qinj 

C v --~~,'~'--- < Dml < c-max . 

11o,<;-res-nl1'tX .9m2 Vos-max 
(33) 

The minimum value of A2ib should be such that the 
maximum residual offset due to finite gain remains smaller 
than the charge injection contribution: 

(34) 

leading to a condition on the gain A2 : 

A·) > I A1 VoB-max 

- '] A3 qinj , 

~ ch 

(35) 

There are several ways of realizing the additional nulling 
input port. Fig. 24(a) a shows a possible implementation 
where an additional diffe.rential pair M 3-M4 (correspond­
ing to transconductor 9mz in Fig. 23) is connected in 
parallel with the main input pair M 1-M2 (corresponding to 
transconductor 9ml in Fig. 23) [1], [2], [4], [24]. Connect­
ing both main inputs together to the common-mode voltage 
(to ground), the offset voltage of the main differential pair 
lvh -lvf2 will produce a difference in the drain currents of 
lvh and lvf2. This offset current can then be cancelled by 
imposing the apropriate differential voltage on the nulling 
input, making the currents h and h equal. The complete 
AZ schematic is shown in Fig. 24(b), where two source 
followers .M11-M12 , two sampling switches and two hold 
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Fig. 28. Offset-compensated SC amplifier: (a) schematic and (b) output signal. 

capacitors C1, C2 have been added to perform the AZ 
operation [1], [2]. 

Another way of realizing the nulling input port is pre­
sented in Fig. 25. The adjustable current mirror lvh -lvh is 
degenerated by two transistors lv13-lvi4 operating in their 
linear regions and behaving as two resistors R 3 and R 4 

controlled by voltages ~VUL+ and VNuL-• respectively 
[Fig. 25(b) and (c)j. Setting V:vrrL+ higher than V:'VUL­
implies that resistance R 4 becomes smaller than R,3. For 
a given input current h, the source voltage of lv12 is then 
smaller than that of M1 resulting in an increase !:1! of 
the drain current of 1'\,i2 with respect to T1 . The cunent 
increase D.I is almost a linear function nf the differential 
nulling voltage VNUL+ ami VT\!UL as shown in Figc 25(d). 
This simple scheme has been used in several applications 
[1]-[4], and [26]. Residual offset voltages as small as 
200 JJV at a 3 V supply voltage have been reported [4]. 

F. Confinuous-Tirne AZ Amplifiers 

Some applications require continuous-time amplification 
and therefore the amplifier cannot be disconnected from the 
signal path in order to perform the AZ. This problem can 
be circumvented by duplicating the autozeroed amplifier 
and using one amplifier in its amplification mode while 
the other is being autozeroed. This time-sharing ("ping­
pong") technique has been successfully used and described 
in [25], [26]. 1\evertheless. switching the two amplifiers 
can result in spikes appearing at the output. This can be 
avoided by using another technique originally presented in 
[22] and recently used [35]. This scheme also uses two 
amplifiers as shown in Fig. 26: a main amplifier which is 
never disconnected from the signal path and an autozeroed 
amplifier (nulling amplifier) controlling the nulling input 
of the main amplifier. The basic idea behind this circuit is 
to use a low-offset amplifier to sense the main amplifier's 
offset and generate a correction voltage that is applied to 
the nulling input of the main amplifier to cancel its own 
offset. The nulling amplifier is autozcroed during phase 
r/Jt and its nulling voltage vel is stored on capacitor cl 
at the end of phase r/Jt and held during phase r/!2. The 

1600 

$1 

Vin~---+--1 t---_.---l 
>--+---c Vout 

Fig. 29. A SC S/H slagc. 

nulling amplifier can therefore be considered as an almost 
offset-free amplifier that senses and zeroes the offset of the 
main amplifier during phase r/12. The main amplifier nulling 
information Vr2 is then sampled and held on capacitor C2 

?uring phase r/Jl, while the nulling amplifier is zeroing 
1ts own offset. As shown in Fig. 26, this principle can 
only work if the overall amplifier is used with negative 
feedback in such a way that the voltage V+-V- appearing 
between the positive and negative input terminals is almost 
equal to the main amplifier offset Vos-m. This principle has 
been used in the commercially available op-amp ICL 7650S 
[36] (which has been misnamed Super Chopper-Stabilized 
Operational Amplifier although it does not use CHS but 
rather AZ). This op-amp features a typical offset as low as 
±0.7tt.V at room temperature [36]. Note that C1 and C2 

are very large (typically 100 nF) off-chip capacitors in this 
application. 

We shall next discuss the operation of the circuit in detail. 
During phase rf!l, corresponding to the state represented 
in Fig. 26, the nulling amplifier is disconnected from the 
signal path and is autozeroed. Its autocorrection voltage is 
then sampled on capacitor C1 resulting in a control voltage 
Vc1 across C1 that is given by 

v -~ T T 

c1 - l +A' Yos-n + !:1 Vc1 
' n 

(36) 
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Fig. 30. Offset- and finite-gain compensated SC amplifier: (a) an offset and finite-gain compensated 
SC amplitier and (b) clock and signal waveforms. 

where An. is the gain of the nulling amplifier from its 
signal input, A',, is its gain from the nulling input, and 
Ctn = An I A~.. Voltage fl vrl corresponds to the voltage 
change due to charge injection, sampled noise, and leakage 
current. It is given by (24), where Ch is replaced by C1 . 

In the next phase ¢;2 , the inverting input of the nulling 
amplifier is connected back to the signal and its output is 
switched to the nulling input of the main amplifier. The 
output voltage of the main amplifier is given by 

Yout = Am (V+-V_- Vo.;-m) + A',n Vc,2 (37) 

where Am is the gain of the main amplifier from its signal 
input and A~= Arn/o:m is the gain from the nulling input. 
11,.2 is the correction voltage applied to the nulling input 
which during phase !,6 2 is given by 

Vc2 = An(V+-V--Vo8-n)-J(Vrl 

~ An(V+-V_ )-!Yn Vas-n -A',,fl V:.1 (38) 

where it has been assumed that A',, ::?:> 1. By definition 
of the residual offset voltage Yas( 2), imposing V+- y_ = 
- V,.,_,( 2) during phase ¢2 will bring the output voltage to 
zero. Hence, the offset voltage Yas( 2 ) of the main amplifier 
during phase ¢2 is obtained by introducing the expression 
of Vr2 given by (38) into (37), setting the output voltage to 
zero and solving for Y+- V_ = V~•s(~) which results in 

y ~ lY171 Vos-m + CYn Y~1 .,-n Ll Vr1 
os(2) = An. + ~- (39) 

Here it was assumed that the gain AnA'," from the input 
(V+- V_) through the nulling amplifier to the output (Yout) 
is much larger than the gain "1m. of the main amplifier alone. 
When switch S2 opens at the end of phase ¢2 , the output 
voltage will change by an amount fl Yont = "1~, fl Vc2, 

where the control voltage change fl Vc 2 is due to charge 
injection, sampled noise and leakage current on capacitor 
C2. and is given by (24) with Ch replaced by C2 . The 

Fig. 31. An implementation of the scheme of Fig. 30. The primed 
clock phases cut off earlier than the unprimed ones_ 

initial input voltage equal to Vos( 2 ) should thus be reduced 
by an amount fl Yout/ Am = 6 Vrd am in order to bring the 
output voltage back to zero again. The resulting residUlal 
input-referred offset voltage vos(l) valid for phase <Pt is 
therefore slightly different than for phase cp2 due to charge 
injection onto c2 and is given by 

, T Lll~-2 
Vas(l) = Yos(2) - -~ 

Ctm 

"" O:m ~-~s-rn + Ctn Yas-n 

An 

In the case the gains of the main and nulling amplifiers 
from their signal inputs are equal to their gains from their 
nulling inputs (corresponding to an = Ctm. = 1, (39) and 
(40) show that the residual otfset is basically equal to the 

E~7 <\ND TFMFS: CJRCITTT TFCHNI()IJFS FOR REDUCING THE EFFECTS OF OP-AMP IMPERFECTIONS 1601 

ANALOG EXHIBIT 1002 
Page 162 of 297



Fig. 32. A wideband compensated SC amplifier. 

sum of the main and nulling amplifiers offsets, divided 
by the gain of the nulling amplifier An, plus the charge 
injection terms. The latter contribution can be reduced by 
decreasing the gains from the nulling input relative to 
the gains from the main inputs for both amplifiers. (This 
corresponds to setting both ctn and Cl'm larger than one.) 
The design criteria are very similar to those discussed in 
Section IV-E for the AZ scheme using an auxiliary input 
port. 

As was suggested in [35], the injection terms contained in 
6. Vet and 6. Vc 2 can be reduced to a mismatch of injection 
by using a differential nulling input as shown in Fig. 24(a) 
or Fig. 25(a). 

It should be noticed that during phase c/J2 the autozeroed 
amplifier has two forward signal paths: one directly through 
the main amplifier and the other through the nulling ampli­
fier and the nulling input of the main amplifier. The de gain 
is therefore equal to Am + A, A:,, but generally reduces 
to An A:, corresponding to the gain from the input through 
the nulling amplifier and the main amplifier's nulling input. 

The frequency responses of the main and nulling ampli­
fiers must be designed so as to ensure that the autozeroed 
amplifier is stable during both phases. Stability during 
phase qJ1 requires that the main amplifier's primary input 
signal path and the nulling amplifier's auxiliary input 
signal path be unity-gain stable. The stability conditions 
during phase ¢ 2 depend on how the auxiliary inputs are 
realized. A detailed discussion of the stability of a particular 
implementation can be found in [35]. 

It should be noticed that since voltages Vc1 and Vc2 

are generally not equal, a transient spike may appear at 
the amplifier output at the beginning of phase r/J 2 when 
switch S2 is connected to capacitor C2 . Assuming that no 
signal is present at the amplifier input, the instantaneous 
value of the amplifier output voltage during ¢2 after the 
transient has vanished might be slighly negative in order 
to compensate for a positive spike and maintain a zero 
mean value. Another potential problem is caused by signals 
that are near or equal to an integer multiple of the clock 
frequency and that appear at the virtual ground of the 
amplifier. Such signals are sampled on C2 at the end of 
phase ¢z and may be aliased down to de [35]. This will 
result in an apparent offset which is different than the 
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Fig. 33. Gain error versus ti"cqucncy curves for compensated SC 
amplifier. 

real main amplifier offset voltage Vos-m which is to be 
compensated. To circumvent this problem, the voltage 11;.2 

should be proportional to the mean value of the voltage at 
the virtual ground node. This can be achieved by low-pass 
filtering the signal when sensing lhe main amplifier inpul 
voltage during phase ¢2 . A way to implement this low-pass 
filter is to use an operational transconductance amplifier 
(OTA) instead of an op-amp for the nulling amplifier [35] 
as shown in Fig. 26. The OTA is loaded by capacitor Cz 
which is generally an external capacitor and can therefore 
be chosen rather large, setting the cut-off frequency at a 
very low frequency. The linear range of the OTA should 
be chosen sufficiently large in order to avoid any saturation 
due the sum of the de offset to be compensated and the 
parasitic signal to be filtered. 

V. PRECISI0:--1 BUILDING BLOCKS USING TilE 

CORRELATED DOUBLE SAMPLING TECHNIQUE 

This section presents some examples of basic building 
blocks such as S/H stages, voltage amplifiers, integrators, 
and filters, that usc the CDS technique to reduce the 
amplifier's offset and noise as well as to lower the effect 
of the finite amplifier gain. 

A. SC S/H and Voltage Amplifiers 

The CDS technique described earlier in Section IV-C 
for AZ comparators can readily be applied to SC voltage 
amplifiers. Fig. 27 illustrates a conventional SC amplifier 
[50]. The nominal output is Vaut = -(Ct!Cz)Vin, but 
finite op-amp gain changes the ideal voltage gain to 

Av 
1 + Av 

l+~­
A 

(41) 

where Av = -C'r/Ch is the ideal gain, and A is the de 
gain of the op-amp. Thus for typical values of A and Av, a 
gain error of 1% or more may occur. In some high-precision 
applications, e.g., if the amplifier is part of a DAC or ADC, 
this may be unacceptable. 

Also, a nonzero input-referred de op-amp offset Vo< will 
introduce an output offset voltage Vos-ovt = ( 1 + I Av I) Vas. 
Since Vas is typically 1-10 m V, and IAv I can have a value 
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Fig. 34. Output spectra of SC amplifier; using nonlinear 
op-amps. The op-amp offset assumed was 5 m V. and rhe SC 
amplifier voltage gain was -2: (a) offset-compensated SC amplifier 
(Fig. 28) and (b) wideband compensated SC amplifier (Fig. 32). 

50 

of 10 or more, the output offset may become a significant 
limitation on the permissible signal swing, especially in 
a low-voltage technology. It also may introduce ADC or 
DAC otlset which needs to be calibrated. 

If only the offset needs to be eliminated. the simple: 
amplifier stage introduced by Gregorian [51] may be used 
[Fig. 28(a)]. Here, during the c/JI = 1 period, C1 charges to 
li;.,-V0 "' and C2 tO"\!;,.,. "\!;mL is developed during the c/J2 = 
1 interval. In this circuit, capacitors C1 and C2 are always 
connected to the virtual ground node @ , so if the input­
referred offset voltage is constant, then when the switches 
driven by </;2 close, the total charge entering node A is 
G\ Vm + C2 V01 , 1 = 0, which leads to the desired relation 
between V;n and Vout independent of Vos· However, as 
Fig. 28(b) illustrates, during the r1) 1 = 1 intervals the output 
is pulled to V0 _,, and the op-amp must have a high slew rate 
and fast settling time to enable V:·mt to slew back and forth 
at each clock transition. Also, the closed-loop gain of the 
stage is still affected by the de gain of the op-amp the same 
way as in the circuit of Fig. 27. 

Note that the small "deglitching" capacitor Cdg does not 
play a role in the signal charge redistribution. Its sole: 
purpose is to prevent glitches in the op-amp output by 
providing negative feedback during the brief intervals when 
the nonoverlapping clock phases are both low. and the 
feedback path of the op-amp is otherwise open-circuited 
[52]. 

2 - - -
l -

- -. . . . .. . ... 

. . . . . . . .... . . . ... 

~ output: signal 
"S 0 

>0 range 
-1 .. . . 

j_ -2 .. 

-3 
-20 -10 0 10 20 

Vin [mV] 
}'ig. 35. The nonlinear op-amp transfer characteristics. 

Fig. 36. SC amplifier with offset storage capacitor. 

A unity-gain buffer stage, which can be used as a simple 
S/H circuit, or as an analog memory, or as an analog 
delay stage, and which also utilizes CDS to reduce de 
offset effects, is shown in Fig. 29 [53]. Here, C charges 
to Vin- V0 ., during ¢1 c= 1 period. and is connected as 
a feedback branch during 4; 2 = 1, causing Vout(n) = 
V:n ( n- 1/2). As in the previous circuit, the op-amp output 
voltage is reset to Vas in every clock period, and hence 
the slew-rate and settling--time requirements are difficult to 
meet for high clock rates. Also, the op-amp gain affects 
VMtt· Note that the operation of this circuit does not depend 
on the exact value of its single capacitor. 

An SC amplifier which does not require a resetting of 
the output in each clock period and also reduces the effect 
of the op-amp gain, and hence allows more relaxed op­
amp specifications for low-frequency inputs, is shown in 
Fig. 30(a) [54]. In this circuit, the feedback reset switch is 
replaced by the elementary S/H branch consisting of C3 and 
its two associated switches. Assume that the circuit is used 
as a noninverting amplifier, and hence the clock phases 
shown outside of the parentheses in Fig. 30(a) are valid. 
Then, when ¢2 -+ 1, G\ discharges into C2, and the valid 
output voltage is generated. This voltage is stored in Ch 
When ¢1 __, 1 next, 0 3 becomes the feedback capacitor, 
while C 1 samples the difference between the input and 
the voltage at node @ and 0 2 discharges. If the signal 
bandwidth is much smaller than !s/2, i.e., if the signal is 
significantly oversampled, then Vout does not vary much 
from one clock phase to the next. Thus for a finite de 
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Fig. 37. Offset- and gain-compensated SC buffer. 

Fig. 38. Experimentally observed output voltages for off­
set-compensated SC buffers with a tri<mgle-wave input at high 
clock rates. Top curve: buffer of Fig. 37: bottom curve: buffer 
of Fig. 29. 

<P2 

op-amp gain A. the signal voltage - V,,., 1 /A at the virtual 
ground is a slowly varying signal which is therefore nearly 
cancelled by the CDS switching of C1 and C2 . This reduces 
the effect of finite A on the voltage gain of the stage. 

Fig. 30(b) illustrates the clock phases and waveforms of 
the amplifier. When rjy 1 """""' 1 and the reset phase begins. 
there is a small step D.V = Vos-Vout/A- (CI/C3)6Vin 
in the output voltage, where 6 Vin is the change in Vin 
during the ¢2 = 1 interval (The D. Vin term enters only 
for noninverting operation.) This step occurs because, as 
q)z """""' 1, C 3 is disconnected from ground and reconnected 
to the virtual ground. As D. V is of the order of a few 
mVs, this does not require a fast settling time or a high 
slew rate from the op-amp. The de output offset voltage is 
(1 CI/C2)(Vosr1), which is much smaller than V0 _,. 

Detailed analysis L54j shows that the gain is now weakly 
frequency dependent due to the high-pass CDS effect on 
the virtual ground voltage, with the de gain given by 

C\ 

H( )I c2 z z = 1 = -----,---"---,---~ 

( 1 + ~~) 
1 + --'------"'-'--­A2 

(42) 

As (42) demonstrates, the error term in the denominator 
of the transfer function is now proportional to A - 2, rather 
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Fig. 39. A wide-band Till stage. 

than A - 1 . Thus the effective value of the op-amp gain as 
far as the de gain is concerned is the square of the true 
value. Circuits with this property are called gain-enhanced 
or gain-squaring stages. 

Fig. 31 shows a differential-input/single-ended-output SC 
amplifier incorporating the described principle [55]. Its 
CMOS implementation exhibited an accurate stage gain and 
a total of about 10 mV output offset, a 0.1-0.2% signal 
distortion and a 50 dB CMRR, in addition to a very low 
op-amp gain sensitivity. 

The circuit of Fig. 30 was also successfully used in an 
GaAs SC amplifier, where the op-amp gain was restricted 
by the technology used [60]. 

The frequency dependence of the voltage gain of the 
compensated amplifier can be reduced, and thus the opera­
tion of the circuit extended to higher signal frequencies, by 
using the anticipatory compensation (prediction/correction) 
principle illustrated by the circuit shown in Pig. 32 [56]. 
Here, the precharging of the signal-processing capacitors 
is perforrned using the virtual-ground signal voltage that is 
expected to be present during the next amplification phase. 
This is achieved by essentially duplicating the SC branches 
used in the amplifier, and performing an anticipatory ampli­
fication step during the rjy2 = 1 phase. If Vin changes only 
when rP1 __, 1. the operation will be independent of the rate 
of change of Vin, and hence of the signal frequency. 
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Fig. 40. Offset-compensated SC voltage ampliber using a low-sensitivity auxiliary input. 
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Fig. 41. Offset- and gain-compen,ated SC integrator. 

The effectiveness of this principle is illustrated in Fig. 33, 
which compares the gain error versus frequency responses 
of an uncompensated SC amplifier with that of the stage 
of Fig. 30, and of the circuits of Figs. 32 and 36. The 
ratio of the de op-amp gain to the desired stage gain was 
about 30. As the curves illustrate, the de gain error is 
higher for the anticipating stage (because the error tem1 
is now (1 + CifC2 )

2 /A 2
, rather than (1 + CI/C'2)/A2 as 

for the circuit of Fig. 30, but the error remains essentially 
constant all the way up to f.,/ 4. The output voltage step 
for a constant input due to offset and finite gain is 6. V == 
(1 + CI/C2)(V~8 -Vout/A). This is again typically of the 
order of 10 mV, not putting much strain on the op-amp. 

The gain-enhancing property of CDS also helps to reduce 
the harmonic distortion caused by the nonlinear op-amp 
gain characteristics 174]. This is illustrated in Fig. 34, which 
compares the output spectra of the amplifiers of Figs. 28 
and 32 for a 4.4 V output sine-wave signal. The .assumed 
op-amp gain characteristic is shown in Fig. 35. 

A different implementation of the anticipatory compen­
sation principle, which uses an offset-storage capacitor 
C1 playing a somewhat similar role to that of C in th1~ 

autozeroed amplifier of Fig. 21, is shown in Fig. 36 [57]. 
Its frequency response is very similar to that of the circuit 
of Fig. 32, and is also included in Fig. 33 (bottom curve). 

The gain-compensating techniques described above can 
also be extended to the design of unity-gain buffers, TIH 
stages and memory or delay stages. Fig. 37 shows an im­
proved version of the offset-compensated buffer of Fig. 29, 

Fig. 42. Widcband compensated SC integrator. 

!1>, 
>---~--o Vaut 

Fig. 43. SC integrator with offset-storing capacitor. 

which does not require the resetting of the output voltage 
to V.,s in every clock period [58]. Here, the reset switch is 
replaced by the S/H capacitor C0 which holds the output 
voltage close to its previous value during the reset period. 
This also reduces the effects of the finite op-amp gain. 

Fig. 38 shows some experimental results demonstrating 
the speed improvements achieved by this scheme over that 
of Pig. 29 [58]. 

An even faster version of the circuit, which relies on 
anticipating rather than storing the output voltage, is shown 
in Fig. 39 [59]. It is onl1y practical to implement in fully 
differential form. In this circuit, the output signal tracks 
the input during the (h = 1 interval without inve1iing 
it. Hence, the virtual ground voltage at the instant when 
¢2 ___. 1 will have the ro~quired value, independent of the 
signal frequency. 

An alternative approach to offset compensation, which 
can also include the compensation of clock-feedthrough 
effects, but which does not enhance the effective value of 
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Fig. 44. Gain- and offset-compensated high-Q biquad. 

Fig. 45. Basic very-large-time-constant (VLT) integrator. 

the de op-amp gain, was discussed in Section IV-E earlier. 
It is shown schematically in Fig. 40. In this circuit, during 
the compensation phase ( ¢ 1 = 1 ), an error correction 
voltage Ve is developed across C. To reduce the effect of 
charge injection occurring when C is disconnected from the 
buffer as cP2 --> 0, the gain IVout/Ye I should be much lower 
than the signal gain of the op-amp. (See Section IV-E for 
a discussion of the optimization of this circuit.) 

B. SC Integrators and Filters 

The compensation schemes described in Section V-A are, 
with minor modifications. applicable also to SC integrators. 
As an overview of Section V-A reveals, these schemes fall 
into the following categories: 

1) output is reset to v;,.,; input capacitor stores and then 
subtracts v;,., (Figs. 28 and 29); 

2) output is held during reset; input and feedback capac­
itors are referenced to the previous value of virtual­
ground voltage VA (Figs. 30, 31, and 37); 

3) output during reset anticipates the next signal output; 
signal-path capacitors are referenced to the antici­
pated value of V4 with (Fig. 36) or without (Figs. 32 
and 39) the use of an extra offset-storage capacitor 
Cr; 

4) auxiliary input signal is established during reset; 
then it compensates for slowly varying noise effects 
(offset, 1/.f noise, clock feedthrough); see Pig. 40. 

As discussed above, the circuits using techniques 1) and 
4) are relatively simple, but they cannot provide finite-gain 
compensation. Those using scheme 2) are more complex, 

1606 

but they perform also gain squaring at or near de. Finally, 
the circuits using the anticipatory compensation scheme 
3) tend to be even more elaborate, but they provide gain 
compensation over a wide signal-frequency range. This 
improves the linearity of the stage. The use of more 
switches may, however, increase the sampled wideband 
noise in the output signal of these circuits. 

Next, we shall briefly discuss how these CDS tech­
niques can be used in SC integrators. In Fig. 28(a), by 
eliminating the switch grounding the right-side terminal 
of C2 during reset, an offset- (but not gain-) compensated 
integrator results [51]. Similarly, it is possible to leave out 
the grounding switch of Ch in the circuit of Fig. 30(a) 
to obtain an offset- and gain-compensated SC integrator 
[61]. However, the charge flow into node A from C1 as 
¢1 ~ 1 is now nut balanced by an equal and opposite 
charge from C2 as in Fig. 30(a), and hence, the gain 
compensation becomes inaccurate. This problem can be 
solved for an inverting integrator by a slight change in the 
switching arrangement for C3 [54], as shown in Fig. 41. For 
noninverting integration, a slightly more elaborate circuit 
is needed [54]. 

Similarly, the wideband ampliher of Fig. 32 can be 
transformed into a gain- and offset-compensated integrator 
[56] by eliminating the switches discharging the feedback 
capacitor C2 (Fig. 42). 

Efficient gain- and offset-compensated integrators can 
also be obtained by using an offset-storage capacitor C I. 
Fig. 43 illustrates a noninverting integrator [57] based on 
this principle. The circuit can also be used as an inverting 
integrator with a full clock period delay, if the clock 
phases of the input switches are interchanged. It was later 
independently recognized by several researchers l62], l63 J 
that the integrator of Fig. 43 can also be used as a delay­
free inverting integrator, by changing its switching scheme 
and choosing the value of th equal to that or the reedback 
capacitor c2. 

It is also possible to apply scheme 4) (i.e., auxiliary 
input compensation) to SC integrators [64]. As before. the 
correction reduces the low-frequency noise (including that 
due to charge injection), but it does not compensate for 
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Fig. 46. lmpmved VLT integrator. 

finite op-amp gain effects. It was used successfully in a 
high-accuracy low-voltage CMOS AJD converter [66]. 

Using the compensated integrators as building blocks, SC 
filters can thus be made insensitive to offset, 1/.f noise and 
finite-gain effects. As an illustration, Fig. 44 shows a gain­
and offset-compensated high-Q biquad [67] based on the 
modified version of the integrator of Fig. 43. 

An important application of offset- and gain-compensated 
integrators is in delta-sigma AJD converters. Low­
frequency noise and offset in the input integrator of the 
converter enters the output signal unfiltered, and hence 
should be suppressed. Also, in the cascade (MASH) 
architecture, the finite gain of the op-amp of the input stage 
allows the leakage of large unfiltered 1-b quantization noise 
into the output signal. Both problems can be remedied 
by using a compensated integrator in the input stage. 
Successful implementations of delta-sigma converters using 
offset- and gain-compensated front ends have been reported 
li1 [68]-[70]. 

C. SC Filters with Very Large Time Constants 

In some applications, the magnitudes \Pi! of the poles 
realized by SC filters are much smaller than the clock 
frequency f, = 1/T. Since the time constants TC2/C1 

of the integrators used in the filter are around 1 /\Pi\, now 
C2/C1 ~ 1/(\p;\·T) » 1 is required. This results in large 
chip area requirements. To remedy this situation, several 
ingenious schemes have been proposed. One option [72] is 
to use aT-cell attenuator at the input (Fig. 45). As a result 
of the charge redistribution in the T -cell, the capacitance 
spread S = Cmax/Cmin can be reduced approximately to 
/5, and the chip area will be correspondingly smaller. 

The T-cell integrator is sensitive to the stray capacitance 
in parallel with Cb, and it requires two large capacitors 
(normally, C, = C2 ~ vS ·Ca. = J S · Cc are chosen). An 
improved very-large-time-constant (VLT) integrator [73] is 
shown in Fig. 46. Analysis shows that the circuit is equiv­
alent to an integrator with a capacitance ratio C2/C1 > 1, 
followed by a voltage division by 1 +G2/C3. If C\ = U3 ~:::: 

02/ VS are chosen, the ideal performance of the circuit will 
be the same as that of the T-cell integrator; however, it is 
stray-insensitive, and it needs only one large capacitor, C2 . 

A major flaw of both VLT circuits is their extreme 
sensitivity to offset, noise and charge-injection effects. To 
illustrate this point, consider the de offset performance 

(a) 

(b) 

Fig. 47. The de equivalent ci1:cuit&: (a) de equivalent circuit of a 
low-Q biquad and (b) de equivalent circuit of a VT T hiquad using 
T-cclls. 

of a conventional two-integrator loop where the familiar 
SC H R equivalence [50] was used [Fig. 47(a)]. Since 1/02 

has to generate VcJsl at the virtual ground of the first op-amp 
by voltage division, we obtain Vo2 = ( 1 + R3 / R 1) Vo.d. For 
a VLT biquad, R3 and R 1 are both large, and V02 ~ 21(, 8 

to 10 V"" results. By contrast, for a T-cell biquad, as the de 
equivalent circuit of Fig. 47(b) illustrates, V0 2 is divided 
twice before producing V081 . This requires a much larger 
output offset voltage 11,., 2 , often as large as 100 V081 to 
200 Va.d. A similar argument shows that charge injection 
will also cause a large output offset. While the explanation 
is not so obvious for the VLT integrator of Fig. 46, it leads 
to a similar result: small de offsets become amplified 100 
times or more in the output signal of filters containing such 
stages. 

To reduce this sensitivity, the VLT integrators should be 
compensated for their low-frequency noise, offset. and (if 
possible) charge injection. Figs. 48 and 49 illustrate the 
use of offset-storing capacitors in the circuits of Figs. 45 
and 46, respectively [71]. These circuits reduce the low­
frequency noise, and also the finite-gain effect on the 
frequency response. They do not, however, compensate for 
charge feedthrough; hence, the VLT filters should make 
full use of the well-known techniques (fully differential 
circuitry, delayed-cutoff clock signals, dummy switches, 
etc.) for reducing clock-feedthrough effects. 

The improvement in finite-gain perfom1ance afforded by 
the compensated integrators is illustrated in Fig. 50. This 
shows the simulated gain responses of an eighth-order 
SC low-pass filter with Bessel-Chebyshev characteristics, 
a clock rate f, = 9.766 kHz and a cutoff frequency of 
2.5 Hz. The circuit of Fig. 46 was used, with (top curve) 
and without (bottom curve) gain- and offset-compensation. 
An up-amp gain of only 40 dB was assumed. The phase 
response is also distorted by the finite op-amp gain and 
restored by using CDS. 
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Fig. 48. T-cell integrator with offset compensation. 

Fig. 49. The VLT integrator of Fig. 46 with offset compensation. 

VT. A MICROPOWER LOW-NOISE CHOPPER AMPLIFIER 

USING THE CHOPPER STABILIZATION TECHNIQUE 

This section presents a practical example of the use of 
the CHS technique in an amplifier to reduce its offset and 
1 If noise without degrading the wideband noise. Unlike 
the many examples of the use of CDS in SC circuits, 
some of which were presented in Section V, there are 
very few examples of circuits that use CHS. The latter 
are generally low-noise continuous-time amplifiers. mainly 
used for instrumentation applications such as biomedical 
electronics. 

Some applications such as electronic sensor interfaces 
require not only a very small offset and offset drift, but 
also very low noise. Often, the CHS technique is best suited 
to such applications. The electronics containing the front­
end low-noise amplifier and the signal conditioning circuits, 
combined with the sensor, forms a microsystem which 
often has to be portable or stand alone, and is therefore 
battery powered. Hence, the power consumption of the 
electronics has to be small. It is therefore even more crucial 
to eliminate the 1 If noise and to reduce the noise down to 
the fundamental thermal noise which is mainly determined 
by the allowable current consumption of the input stage. 

Examples of low-noise chopper amplifiers with a very 
low power consumption have been presented in [8], [12]. 
The design objective was to reach the microvolt level for 
both offset and noise, with a bandwidth limited to a few 
hundred Hz, while maintaining the power consmnption be­
low I 00 fJ.W. This chopper amplifier used a selective stage 
with its center frequency locked to the chopper frequency 
in order to minimize the residual offset, as explained in 
Section TIL The chopper amplifier presented in Fig. 9 where 
the amplifier i:; replaced by a selective amplifier and the 
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Fig. 50. Frequency responses of VLT filters. 

output is low-pass filtered at half the chopper frequency, 
has an overall low-pass transfer function given by 

r• 1, ) """ 8 Amax (43) 
uo s - 2 I 

' 1T 1 + 8, We 

where w,. = w0 1(2Q) is the chopper amplifier's cutoff 
frequency, determined by the selective amplifier's resonant 
frequency w0 and quality factor Q. Amax corresponds to 
the gain of the selective amplifier at the resonant frequency. 
Equation (43) has been obtained assuming that Q ::Y 1 and 
is valid for is <s: wo. It shows that the chopper amplifier's 
de gain is only 1r

2 18 = 1.234 (or approximately 2 dB 
less than the gain of the selective amplifier at the resonant 
frequency). 

The selective amplifier can be realized using either a low­
pass [12] or a band-pass second-order 9m- C continuous­
time filter [44]-[49]. The advantage of choosing the hand­
pass circuit is that the input and output chopper modulation 
signals can he identical, since there is no phase shift at the 
resonant frequency. The filter's resonant frequency can be 
locked to the chopper frequency by means of a PLL using 
either a voltage-controlled reference filter [ 44], [ 48] or a 
voltage-controlled oscillator built using the same resonator 
as the selective amplifier [44], [47], and f49l 

An example of such a band-pass filter is presented in 
Fig. 5 I. The gain A max at the resonant frequency is given 
by the ratio gml/gm4· where 9ml and 9m4 are the transcon­
ductances of the input and output stages, respectively. This 
ratio has to be large in order to have a sufficient de 
gain for the chopper amplifier. Typically, for a de gain 
of 500, the gml/9m4 ratio has to be 617! This large gain 
imposes the use of linearized transconductors for realizing 
the integrators and the output load [47], in order to limit 
the distortion and intem1odulation. Another problem arising 
from this large gain is the rnistuning effect resulting from 
the difference between the bias currents of the integrators. 
This is due to the fact that the offset of the input differential 
pair T 1- T~ appears at the low-pass output multiplied by the 
corresponding de gain, while the band-pass output offset 
stays at zero. This offset voltage is fed to the input of 
differential pair T r Tj and compensates the offset current 
due to the input differential pair, forcing the band-pass 
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Fig. 51. Second-order g,, -- C continuous-time band-pass filter used to realize the selective 
amplifier: (a) principle and (b) implementation. 

output to stay at zero. The resulting mismatch between the 
biasing points of the two integrators gives rise to a nonzero 
phase shift at the chopper frequency, which is unacceptable 
for the chopper amplifier. Fortunately, since the signal is 
modulated and amplified at high frequency. the current 
offset 6 T1 produced by the mismatch of input differential 
pair T 1- T~ can be compensated without changing the 
signal transfer function. This offset compensation can be 
realized as shown in Pig. 51, by sensing the offset voltage 
with differential pair T 5- T~ at the low-pass output (i.e., 
at the input of dit1erential pair T 3- T~ and injecting the 
current necessary to compensate the offset current C..fl 
using transistors T0 - T(;. This compensation does not require 
any S/H action since the signal is mainly centered around 
the resonant frequency. The feedback loop can therefore be 
held closed continuously if a compensation capacitance C:J 
is added at the output of differential pair T 5- T~ to ensure 
stability. 

The measured frequency responses of the selective ampli­
fier and the chopper amplifier are shown in Fig. 52(a) and 
(b), respectively. The gain measured at the filter's 4 kHz 
resonance frequency is equal to 56.8 dB, corresponding to 

a 54.8 dB de gain for the chopper amplifier. The quality 
factor is 5.4 which sets the -3 dB cut-ot1 frequency of tthe 
chopper amplifier to 367 Hz. 

Using (21), the chopper amplifier's input-referred noise 
can be found from 

' - 712 ' . ( ~ !k ) SNin- -- 4rkTRNm 1 + 0.8v25-
1
-

8 ~~ 
(44) 

where RNin is the equivalent input thermal noise resistance 
of the selective amplifier, which is inversely proportional 
to the transconductance 9rnl of the input differential pair. 
Noise factor 1 is defined as the product grn 1R_,Vin <md 
accounts for the excess thermal noise coming from sources 
other than the input stage. 

The low-frequency output noise of the chopper amplifier 
has been measured and is shown in Fig. 53. As expected, 
the 1/ f noise has disappeared, leaving a white noise PSD 
corresponding to an equivalent input-referred white noise of 
43 nV//HZ, which can still be made lower at the expense 
of an increase of the input differential pair bias current and 
thus of the total power consumption. 

The input and output chopper modulators are simply real­
ized by four switches controlled by complementary phases, 
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Fig. 52. Measured frequency response of the selective amplifier 
(a) and the chopper amplifier (b) with a chopper frequency locked 
to the 4 kHz resonance frequency. 
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as shown in Fig. 54, where capacitance represents the 
differential input capacitance of the selective amplifier. 

At each switching instant, error charges !::,.qi (i = 1, 2, 3) 
result from charge injection and clock-feedthrough mis­
matches between the different switches. Charges /::,.q 1 and 
/::,.q3 flow to capacitor C;n, while charge /::,.q 2 flows to 
ground through the source resistance Rs, producing some 
spikes at the input of the selective amplifier. An estimation 
of the residual input-referred offset Vas of the chopper 
amplifier due to the injection of these charges can be 
derived by assuming that: 

1) clock rise and fall times are much smaller than the 
time constant T of the spikes; 

2) the output modulator is ideal; 
3) 6.q1 = 6.q2 = -6.q3 - 6.q (representing the worst 

case); 
4) all switches have the same on-resistance Ran; 
5) the source resistance Rs is much smaller than Ran· 

This leads to rsl, r121 
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Fig. 53. Measured low-frequency output noise PSD of the com­
plete chopper amplifier. 

Rs 

Fig. 54. Implementation of' the input chopper modulator. 

where Etu.n = lfo/frhop-11 represents the tuning error 
between the resonance frequency .fo and the chopper fre­
quency !chop· It can easily be shown that the product 
6.qRnn is independent of the switch width W and is 
minimum for a minimum channel length. Equations ( 44) 
and (45) show that there is a trade-off between the noise and 
the offset with respect to the chopper frequency: according 
to (45), the chopper frequency should be chosen as small 
as possible, but neve1theless equal to or larger than the 
amplifier's comer frequency. In the case where both offset 
and noise have to be minimized, it is useful to define a total 
noise power as the sum Vo2s + ~~m where 1/;vin is the total 
input-referred noise rn1s voltage. An optimum value of the 
chopper frequency can be found such that this total noise 
power is minimum for a given signal bandwidth [8]. 

The linear dependence of the input-referred offset on 
small tuning errors as indicated by (45), has been veri­
fied experimentally and is presented in Fig. 55. An input­
referred offset as small as 0.5 ,,.v and a sensitiv1ty to the 
tuning error of 0.47 I-LV per percent of mistuning has been 
measured. 

In case the source resistance Rs is much larger than the 
switch on-resistance Ron, the input offset is still given by 
(45) but Ron has to be replaced by Rs. Hence, the input off­
set increases quadratically with the source resistance which 
is in accordance with the experimental results presented in 
Fig. 56. 

The offset voltage drift could not be rneasmed, but other 
chopper-stabilized amplifier have repmted extremely good 
stability. 

PROCEEDINGS OF THE IEEE. VOL. g4, NO 11. NOVEMBER 1996 

ANALOG EXHIBIT 1002 
Page 171 of 297



2.0 .-------------------·----. 

~ 1.5 
........ 

0 measured 
-- linear fit 

G) 
U) 1.0 Vos ~ 0.48 + 0.47*E 

:g 
"0 
Q) ... ... -... : -::J 

0.0 

Q. 
.5 -0.5 

-1.0 L___J. _ _.J... _ _.l__jL_____JL___L _ _.J... _ _.l_ __ L____J 

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 

Fig. 55. Measured input referred offset versus tuning error. 

....... 
> 
::i. ......... -<Ll 
(/) 

50 

0 measured 
-- quadratic fit 

£tun[%] 

--0 
Vos ~ 0.5 - O.O:l*Rs + 2.6E-4*Rs"2--

"0 
<Ll .... .... 
<Ll 

15 -<Ll .... - 10 
::::J 
Q. 5 c 

0 

-5 
0 50 1 00 150 200 250 300 350 400 4510 500 

Source resistance [kil] 

Fig. 56. Measured input referred offset versus source resistance. 

VII. CONCLUSIONS 

A detailed comparison of the relative advantages and 
disadvantages of the CHS technique versus CDS was given 
earlier [71, [81. These are the main points. 

1) CDS is inherently a sampled-data method; CHS is 
based on modulation rather than sampling, and hence 
can be used for continuous-time signals. 

2) CDS reduces the low-frequency noise by highpass 
filtering; CHS translates it to some out-of-band fre­
quency. 

3) The output noise of a CDS stage is normally dom­
inated by the undersampled wideband noise; in a 
continuous-time CHS stage the noise spectrum is not 
folded, and hence 1 If noise remains dominant in 
the baseband before the second modulation. After 
demodulation, white noise is folded into the baseband 

and replaces the 1 If noise. If the chopping frequency 
is much larger than the noise comer frequency, then 
the baseband white noise in the output is only very 
slightly larger than it was without CHS. 

4) As shown earlier, CDS can also be used to enhance 
the effective gain of the op-amps used in the sig­
nal processing. A continuous-time CHS system, by 
contrast, causes the op-amp to amplify a higher­
frequency signal, and hence its effective gain is 
usually reduced. 

ln conclusion, CDS is preferable in applications which 
inherently use sampled-data circuits (such as SC stages), 
so that the baseband noise behavior is not made worse 
by noise aliasing. Also, the de offsets are eliminated, not 
just modulated to higher frequency, by CDS, which may 
improve the allowable signal swing. Finally, the gain-
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enhancing ability of CDS may be an important advantage in 
some applications. On the other hand, CHS is the method of 
choice if the system is a continuous-time one to start with, 
and if low baseband noise is an important requirement. 

APPENDIX 

AUTOZEROED '{QISE ANALYSIS 

The autozeroed voltage VAz(t) shown in Fig. 2 can be 
approximated hy 

+= 
VAz(t) '-'- L h(t- rnT,)[vN(t)- VN(rnT,)] (46) 

'fn=-co 

where it has been assumed that the RC time constant m 
the track mode is much smaller than the duration TAz of 
the AZ phase, i.e., that voltage VAz ( t) instantaneously goes 
down to zero at the beginning of the AZ phase. Here h( t) 
is a window function corresponding to the hold phase: 

h(t) = { ~: for 0 -<; t < Th, 
otherwise. 

(47) 

If vN(t) is assumed to be a stationary random process 
having a PSD SN(.fl, the PSD of the autozeroed voltage 
is given by 

+= 
SAz(f) = L 

n=-(X) 
~) (48) 

which consists of replicas of the original spectrum shifted 
by multiples of the sampling frequency and multiplied by 
the squared magnitude of the corresponding band transfer 
function. These transfer functions can be evaluated by 
calculating the Fourier transform of VA.z ( t) 

Hn(.f) = d[e-j1f'"1sinc(nnd)- e-FdfT.sinc(n~fT,)] 
(49) 

where d = Th/T, is the duty cycle. The IHn(J)IZ functions 
are then readily obtained from (49) (see (50) at the top of 
the page) with a = 27r dn. f3 = 2n dfTs. 
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Multi path 
Compensation 
Techniques 

In many of the compensation techniques described in the previous chapter, 
the addition of stages to the circuit leads to a reduction of the obtainable 
bandwidth. Going from simple two-stage Miller compensation to Nested 
Miller compensation with three gain stages, for instance, results in a fifty 
percent smaller bandwidth. Also Hybrid Nested Miller compensation suf­
fers from this drawback. Although the bandwidth reduction effect is absent 
in Reversed Nested Miller compensation, the dependency of this compen­
sation technique on the load capacitance makes it fundamentally unsuited 
for general purpose applications. Therefore we would like to eliminate the 
bandwidth reduction in Nested and Hybrid Nested Miller compensation, 
while retaining the high level of robustness inherent to these methods. 

This chapter presents the Multipath technique to avoid the step 
back in bandwidth of certain nested compensation schemes. The technique 
is based on a parallel signal path that bypasses one or more transistors of 
the main path. This bypass realizes a short high-frequency signal path, 
while the circuit maintains the gain advantage for low frequencies of a 
longer path with more amplifier stages. A key aspect of the Multipath 
technique is that we can configure the parallel signal path independently 
from the main path. This avoids the appearance of pole-zero doublets in 
the passband. Earlier feedforward circuits [18] mostly base themselves on 
the insertion of capacitors to create a high frequency bypass for critical 
components, such as lateral PNPs. These bypass capacitors result in strong 
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6. Multipath Compensation Techniques 

and inevitable pole-zero doublets, however, disqualifying the circuits for a 
large number of applications where fast settling is of importance. Pole­
zero doublets are pairs of a closely spaced pole and zero. Their presence 
deteriorates the settling performance of an amplifier by introducing signal 
components into the step response with a time constant much larger than 
the one associated with the bandwidth of the circuit. Section 6.2 will 
address the relation between the occurrence of pole-zero doublets and 
these so-called slow-settling components. 

6.1. Multipath Nested Miller compensation 

The first candidate for bandwidth improvement is the Nested Miller com­
pensation technique described in Section 5.2. This section showed that 
three-stage Nested Miller compensation has a factor two bandwidth pen­
alty as compared to ordinary, two-stage, Miller compensation. This is 
related to the down shift of the bandwidth limiting pole p1' caused by the 
outer Miller loop. The root locus of Fig. 5-9b, which is repeated in 
Fig. 6-1, illustrated the down shift. Closing of the outer Miller loop shifts 
down the bandwidth limiting pole p1', until it collides with pole p3. The 
collision occurs at approximately half the frequency ofp{ The addition of 
more stages, and consequently more Miller capacitor nests, even further 
reduces the obtainable bandwidth. 

We can overcome the bandwidth reduction caused by the nested 
Miller loops by adding a Multipath input stage that provides an indepen­
dent path directly driving the output stage [20]. The result is the Multipath 
Nested Miller compensation topology depicted in Fig. 6-2. In this figure, 
transistors T 1 through T 3, together with the two capacitors Cm1 and Cm2, 
build up the conventional Nested Miller compensation structure. The Mul­
tipath input stage is transistor pair T 4 . This differential pair directly drives 
the output transistor, bypassing T 2 for high frequencies. 

In Figure 6-3 the Bode plot of the Multipath Nested Miller compen­
sated amplifier is shown. The gray line represents the high-gain, low-fre­
quency part established by the three-stage Nested Miller compensated 
amplifier. The black line shows the high frequency part created by the two 
transistors T 4 and T 1 and Miller capacitor Cm1. Adding the two plots 
yields a straight 20dB/dec frequency response of which only the low fre­
quency part is provided by the three-stage amplifier. The high frequency 
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6.1. Multipath Nested Miller compensation 

-(J 

Fig. 6-1. Root locus showing the bandwidth reduction caused by 
the closing of the outer Miller loop ofNested Miller 
compensation. 

portion is determined by two stages. Therefore, the obtainable bandwidth 
approaches the theoretical maximum of a two-stage amplifier with single 
Miller compensation. A major advantage of the Multipath technique is that 
the matching of the high and low frequency part of the total frequency 
response is duly controllable. This is important, since even a slight mis­
match can deteriorate the settling behavior of the amplifier, as demon­
strated in Section 6.2. The following analysis confirms the accurate 
matching properties. 

The Multi path input stage has no effect on the position of the poles 
of the original circuit. This is caused by the fact that the current generated 
by the input stage only depends on the input voltage. Therefore, we can 
regard this current as coming from an independent input signal source. We 
can use this observation fruitfully in Eq. 2-11, which expresses the transfer 
between any two nodes of a network as the ratio 11;/ 11 . Since any input 
source enters the cofactor in the numerator of this equation, the addition of 
a branch that carries a cnrrent proportional to the input signal only affects 
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OUT OUT 

IN IN 

Q3a Q4a Q4b Q3b Q2a Q2b 01 rl cl M3a M4a M4b M3b M2a M2b M1 rl cl 

(a) (b) 

IN 

Tp5 Cp5 - 9m4 

(c) 

Fig. 6-2. Three-stage amplifier with Multipath Nested Miller 
compensation. 

the number and position of the zeros. The poles, on the other hand, remain 
fixed at their original locations. 

In the case ofMultipath Nested Miller compensation the pole loca­
tions are identical to those of the Nested Miller compensation technique. 
These follow from solving the denominator ofEq. 5-19 and are given by 

(6-1) 

1 ,(1 1 4gm2 
P3 = Pi 

2
--

2
- 1 - --

Pi'Cmi 
(6-2) 
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6.1. Multipath Nested Miller compensation 

frequency [Hz] -"' 

"" 
Fig. 6-3. Bode plot of the Multipath Nested Miller compensated 

amplifier. 

under the condition that p 2" «p1". Nodal analysis reveals that the Multi­
path input stage adds a single zero to the transfer function of the Nested 
Miller circuit. The position of this zero zm is given by 

z = 
m (6-3) 

To obtain a straight 20dB/dec frequency response, the zero zm must 
exactly cancel out the pole p3'. This leads to the condition 

gm4 _ P1" gm3 
---

em! P1'Cm2 
(6-4) 

The ratio p 1 "I p 1' denotes the relative movement of the bandwidth limit­
ing pole p{ We can derive the ratio from Eq. 6-1. It equals 

(6-5) 
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To realize the maximum bandwidth, the down shift of the pole p1 must be 
as small as possible, which corresponds to maximizing Eq. 6-5. The opti­
mum value is attained when the transconductance of the middle stage gm2 
is set to zero. In that case no bandwidth reduction takes place, since in the 
absence ofT 2 the circuit of Fig. 6-2 reduces to a two-stage amplifier con­
sisting of the Multi path input stage T 4 and the output stage T 1. Although 
under these conditions the bandwidth is at its theoretical maximum, clearly 
this situation is not preferable from the gain point of view. Fortunately a 
compromise is possible with high gain and only a fractional reduced band­
width. The compromise is given by 

(6-6) 

With this ratio, the bandwidth reduction following from Eq. 6-5 only 
amounts to about 10%, and still three stages contribute to the low fre­
quency gain. Since the relative bandwidth reduction is close to unity, we 
can simplify Eq. 6-4, giving the condition for pole-zero cancellation, into 

(6-7) 

In other words, to obtain a straight first-order frequency response, the 
unity-gain frequency determined by the original input stage T 3 and the 
outer Miller capacitor Cm2 must equal the unity-gain frequency of the 
Multi path input stage T 4 and the inner Miller capacitor Cm1. One can also 
understand this condition intuitively. The left-hand part of Eq. 6-7 defines 
the slope of the frequency response of the two-stage single Miller compen­
sated amplifier comprising T 1 and T 4, while the part on the right gives the 
slope of the three-stage Nested Miller compensated amplifier T b T 3 and 
T 4. Matching of the two slopes results in an unbroken curve. 

Since the dimensioning of Multipath Nested Miller compensation 
depends on the ratios of capacitors and transconductances only -both 
being among the best controlled parameters of an I. C. process- matching 
can be very close. In a typical bipolar process the mismatch can be as low 
as 0.1 %. CMOS technology yields slightly less controllable ratios, result­
ing in a mismatch of about 5%. We can find the position of the pole-zero 
doublet as 
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6.1. Multipath Nested Miller compensation 

(6-8) 

or, with Eq. 6-6 

(6-9) 

The second approximation of this equation is based on the fact that, for a 
phase margin of 60°, the unity-gain frequency m1 of the opamp should be 
halfp 1" (::::; p1'). The unity-gain frequency is therefore given by 

(6-10) 

which is indeed a factor of two higher than the unity-gain frequency of 
Nested Miller compensation given by Eq. 5-23. Equation 6-6, Eq. 6-7 and 
Eq. 6-10 are the dimensioning expressions for Multipath Nested Miller 
compensation. The pole p1' is given as before by p 1' = gm 11 c1 . 

The introduction of the factor 1/10 in Eq. 6-6 indicates that the bias 
currents of the Multipath Nested Miller compensated circuit can be con­
siderably lower than those of its Nested Miller compensated counterpart. 
In practical situations this will about balance the extra current required for 
the Multipath input stage. Therefore, the bandwidth improvement of the 
Multipath technique goes without a current penalty and the bandwidth-to­
power ratio is improved. Also the die area of the chip does not increase 
when using Multi path Hybrid Nested Miller compensation, since the 
higher bandwidth allows for smaller compensation capacitors. 

The root locus in Fig. 6-4 shows the movement of the poles in the 
Multi path Nested Miller compensation structure as a result of the introduc­
tion of capacitor Cmz· In contrast to Nested Miller compensation, closing 
the outer Miller loop only moves the poles slightly because of the low 
value gm2/Cml· Pole p3' is eliminated by the Multipath zero zm. Since pole 
p1' remains virtually motionless, no bandwidth reduction occurs as com­
pared to the single Miller compensation technique. 
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Multipath zero 

~Zm 
-(J 

Fig. 6-4. Multipath Nested Miller compensation's root locus 
showing the effect of the outer Miller capacitor Cm2. 

6.1.1. Multipath Darlington 

The low transconductance of the intermediate stage of Multi path Nested 
Miller compensation makes a special type of circuit possible where the 
intermediate inverting amplifier stage is substituted by a voltage follower. 
The resulting circuit presents a wide bandwidth alternative to the Darling­
ton configuration. 

The Multipath Darlington is shown in Fig. 6-5. It consists of the 
output stage Q1 and the emitter follower intermediate stage Q2. The signal 
current sources on the left model the normal input stage Q3 and the Multi­
path input stage Q4. The current of each of the sources equals the input 
voltage of the amplifier times the respective transconductance gm3 and 
gm4. The current that the Multipath input stage directly provides to the out­
put transistor results in a bandwidth improvement over the normal Dar­
lington composite. In the traditional configuration the output impedance of 
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-------

Fig. 6-9. Typical step response showing the effect of slow-settling 
components on the step response. The gray curve is the 
response without slow-settling effects, the black curves 
give the slow-settling step responses for various pole­
zero positions. 

6.3. Multipath Hybrid Nested Miller compensation 

Although the bandwidth reduction of Hybrid Nested Miller compensation 
is small compared to Nested Miller compensation, in some cases even this 
small reduction is not acceptable. In this situation the Multipath technique 
is an attractive option resulting in Multipath Hybrid Nested Miller Com­
pensation [15] [16]. Figure 6-10 shows a Multipath Hybrid Nested Miller 
compensated amplifier. The Multi path input stage T 5 that directly drives 
the output transistor T 1 is added to the Hybrid Nested Miller compensated 
circuit of Fig. 5-21. As with Nested Miller compensation, the extra input 
stage and the output stage together constitute a two-stage amplifier with 
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IN 

(a) 

(c) 

cm3 Cm1 OUT cm3 Cm1 OUT 

IN 

04a 05a 05b 04b 03 02 01 rl cl M4a M5a M5b M4b M3 M2 M1 rl cl 

(b) 

IN 

rp6 Cp6 9m5 

Fig. 6-10. Amplifier with Multipath Hybrid Nested Miller 
compensation. 

relatively low gain, but a high bandwidth. The remainder of the circuit, a 
four-stage amplifier with Hybrid Nested Miller compensation, pairs a low 
bandwidth and a high gain. When the two circuit parts properly match, the 
result is a 20dB/dec roll-off with both a high unity-gain frequency and a 
high gain. 

The analysis of Multipath Hybrid Nested Miller compensation is 
almost identical to that ofMultipath Nested Miller compensation when the 
voltage gain around the second stage is taken into account according to the 
scheme of Fig. 5-23. Equation 6-6 therefore becomes 
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6.3. Multipath Hybrid Nested Miller compensation 

gm2Cm3 P1' 

cmicm2::::; 10 ( 6-18) 

Equation 6-7, which denotes the condition for pole-zero matching, for 
Multipath Hybrid Nested Miller compensation changes into 

( 6-19) 

For the frequency of the pole-zero doublet, Eq. 6-9 remains valid: 

(6-20) 

The unity-gain frequency of the Multipath Hybrid Nested Miller compen­
sated circuit equals 

(6-21) 

To assure that the limited bandwidth of the voltage amplifier around T 3 
does not deteriorate the overall performance of the circuit, Multipath 
Hybrid Nested Miller compensation puts an additional demand on the 
dimensioning. This condition is comparable to the condition found in 
Eq. 5-52 for Hybrid Nested Miller compensation without the Multi path 
input stage. Due to the easing of the bandwidth requirement of the four­
stage amplifier part (it merely has to supply the gain) the condition for 
Multipath Hybrid Nested Miller compensation relaxes into 

(6-22) 
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A complete instrumentation voltage amplifier arises if we include the 
current-to-voltage conversion function of the load impedances Zu and Zc. 
In that case the reciprocal nominal overall voltage gain 1/A,.n and the 
overall CMCR 1/flt are given by Eq.3.4.4. 

1/A . .m= -1!Y:z21d 

1/H~~ 1/He+1!FpiL 
(3.4.4J 

The reciprocal value of the discrimination factor is defined as: 
1 /Fe= (f2/V;Jff2d/V;) = 1/ZtcceYcw 

From the above expression we see that a low overall CMCR 1/flt can 
only be obtained if the amplifier has a low CMCR 1/He as well as a low 
reciprocal discrimination factor liFe. The effect of the latter term is 
further reduced by a low CMCR 1/H1L of the load circuit. 

Instrumentation Voltage Amplifier 

An instrumentation voltage amplifier with a voltage-source character 
between the output terminals arises if we insert a balanced floating 
impedance amplifier with an OFA and two impedances Zn and Z1: 

between the preceding example IS instrumentation transadmittance 
amplifier and its load circuit [3.3, 3.4]. 
The complete instrumentation voltage amplifier circuit is drawn in Fig. 
3.4.4 together with the source and load circuits. 

The reciprocal nominal overall differential voltage gain and the CMCR of 
the complete amplifier are described by Eq.3A.5. 

1/A-vn=-1/Y ~ls 
1/flt = 1 /He+ 1/F Pt 

(3.4.5) 
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3. APPLICATIONS 53 

Fig. 3.4.4: Instrumentation voltage amplifier with source and load 
circuits 

The instrumentation amplifier has a floating entrance port and an 
independently floating exit port. It measures the differential entrance 
voltage at nominal zero entrance currents. The differential exit port has a 
voltage source character. 

Instrumentation Current Amplifier 

If we change the sequence of the transadmittance and transimpedance 
amplifiers of the preceding example we obtain an instrumentation current 
amplifier. This circuit is drawn in Fig. 3.4.5 together with the source and 
load circuits. 

The overall reciprocal nominal current gain is given by Eq.3.4.6. 

(3.4.6) 
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346 CHAPTER 5 CMOS CIRCUIT AND LOGIC DESIGN 

FIGURE 5.69 Two-phase 
clocking: (a) dynamic register 

(a) 

(b) 

phi, ___r-'~ 

phi2~ 

large delay 

phi,~'~ 

phi2~'~ 
small delay ---j f---- overlap 

(c) 

slow rise time 

---j f---- overlap 

Q 

skewed clocks 

and clock waveforms; phi,= 1 phi2 = 1 --D----<:>----,..---1 

(b) operation; (c) failure due 
to clock skew; (d) failure due 
to slow-rise-time clocks (d) 

5.5.10 Two-phase Memory Structures 

Two-phase registers are usually replications of single-phase structures with 
phi 1 feeding the master and phi2 feeding the slave of the register. Examples 
are shown in Fig. 5.70. 

Considering DFFl, two representative layouts are shown in Fig. 5.71(a) 
and Fig. 5.71 (e). A layout representing the DFF2 configuration are shown in 
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-phi1 -phi2 

D 

phi, phi2 DFF1 

Q 

DFF2 

Q 

Q 

Both of these dynamic registers 
have to drive a local storage gate. 

Fig. 5.71(b), Fig. 5.71(c) and Fig. 5.7l(d). Note that routing clocks in poly­
silicon may lead to clock-delay problems if long unbuffered clock lines are 
used. An example of DFF2 may be found in Fig. 8.70. 

A reduction in the number of clock lines can be accommodated if only 
n-transistors are used in the transmission gate, as would be the case in an 
n-MOS design (Fig. 5.72a). Two effects occur in this configuration. First, the 
T level transferred to the input of the inverter is degraded to approximately 
VDD- Vrn. This has the effect of slowing down the low transition of the 
inverter. Furthermore, the high-noise margin (N MH) of the inverter is 
degraded. It also has the possible effect of causing static power dissipation. 
For instance, if V1P < V DD - Vtn• then the p-transistor in the inverter will be 
turned on when the inverter output is in the low state, thus causing current to 
flow through the inverter. This is consistent with the reduced N MH· Although 
this is not catastrophic, it must be taken into account when calculating total 
power dissipation. Figure 5.72(b) shows the addition of p feedback transis­
tors to provide fully restored logic levels. Figure 5.72(c) shows a single 
clock version of this register that uses p and n pass transistors. The rising 
transition at the output of the inverter in Fig. 5.72(a) and 5.72(b) is faster 

FIGURE 5.70 Two-phase 
dynamic registers 
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FIGURE 5.71 Various lay-
outs for two-phase dynamic 
registers 

(a) 
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"· . Q 
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~ " 
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[J 
Vss 
phil 

phil -phil phi2 -phi2 
phi2 

(d) (e) 

because the capacitance at the output is reduced due to the absence of the 
p-transistor. There is no hard and fast rule for when the various flip-flop con­
figurations should be used. Of course, if density is crucial the last mentioned 
flip-flop could be used, provided that the speed was suitable and that static 
power dissipation was not a problem. This can only be reconciled by worst­
case simulation and power-dissipation calculations. 

Clock distribution techniques for two-phase clocks may differ depend­
ing on the design. One technique is to globally distribute the two clocks with 
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D Q 

phi, phl2 

(a) 

D 

(b) 

D Q 

(c) 

or without their complements. Alternatively, a single clock can be distrib­
uted and local two-phase clocks generated in individual modules. Regardless 
of the technique, somewhere a two-phase clock generator is required. Figure 
5.73 shows the basic circuit that is normally used; it is based on a cross-cou­
pled RS flip-flop. This basic design is modified to meet drive considerations 
and overlap requirements. Methods for conditionally loading two-phase reg­
isters are shown in Fig. 5.74. Figure 5.74(a) uses a multiplexer on the front 
of a two-phase register. Alternatively, the clocks to the master may be gated, 
as shown in Fig. 5.74(b). Gating the clock can lead to delayed clocks, which 
in turn can lead to clock-skew problems in registers that are susceptible to 
skew. Another clock qualification method is shown in Fig. 5.74(c). This uses 

elk 

delay sets nonoverlap period 

FIGURE 5.72 Two-phase 
registers with single-polarity 
clocks: (a) nMOS pass tran­
sistors; (b) adding p leakers; 
(c) a single clock version; 
(c) pass gate 

FIGURE 5.73 Two-phase 
clock generator 
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FIGURE 5.74 Clock-enable 
circuits: (a) mux; (b) clock 

(a) 

D 

(b) 

Q 

ld 

Q 

ld phi, 

gating; (c) pass gate (c) 

a transmission gate as an AND function. The n-pulldown transistor ensures 
that the falling edge of the enabled clock is fast. 

5.5.11 Two-phase Logic Structures 

For two-phase systems, conventional static logic may be used in conjunction 
with the memory elements that have been described in the last section. If 
dynamic logic is required, the two-phase logic scheme outlined in Fig. 5.75 
may be used. In this scheme, the first stage is precharged during phi 1 and 
evaluated during phi2. While the first stage is evaluated, the second stage is 
precharged and the first-stage outputs are stored on the second-stage inputs. 
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from the date of this Notice within which to correct the informalities indicated below. Extensions of time may be 
obtained by filing a petition accompanied by the extension fee under the provisions of 37 CFR 1.136(a). 

The required item(s) identified below must be timely submitted to avoid abandonment: 

• Replacement drawings in compliance with 37 CFR 1.84 and 37 CFR 1.121 (d) are required. The drawings 
submitted are not acceptable because: 

• Numbers, letters, and reference characters on the drawings must measure at least 0.32 em (1/8 inch) in 
height. See Figure(s) 11-13, 16, 19, 20. 

Applicant is cautioned that correction of the above items may cause the specification and drawings page count to 
exceed 100 pages. If the specification and drawings exceed 100 pages, applicant will need to submit the required 
application size fee. 
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Replies should be mailed to: 

Mail Stop Missing Parts 
Commissioner for Patents 
P.O. Box 1450 
Alexandria VA 22313-1450 

Registered users of EFS-Web may alternatively submit their reply to this notice via EFS-Web. 
https :/ /sportal. uspto .gov/authenticate/ AuthenticateUserlocal EP F. htm I 

For more information about EFS-Web please call the USPTO Electronic Business Center at 1-866-217-9197 or 
visit our website at http://www.uspto.gov/ebc. 

If you are not using EFS-Web to submit your reply, you must include a copy of this notice. 

/twyatt/ 

Office of Data Management, Application Assistance Unit (571) 272-4000, or (571) 272-4200, or 1-888-786-0101 
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APPLICATION 
NUMBER 

12/464,572 

79124 
MAXIM/BSTZ 

FILING or 
37l(c)DATE 

05/12/2009 

Blakely Sokoloff Taylor & Zafman LLP 
1279 OAKMEAD PARKWAY 
SUNNYVALE, CA 94085-4040 

FIL FEE REC'D 

2142 

Ul\TfED STI\TES DEPA RTME'IT OF COMMERCE 
United States Patent and Trademark Office 
Adill"'· COMMISSIO'JER FOR PATENTS 

PO Box 1450 
Alexandria, Virgmia 22313-1450 
\VVi\V.USpto.gov 

ATTY.DOCKET.NO 

55123P376 4 
CONFIRMATION N0.1854 

FILING RECEIPT 

111111111111111111111111]~!1]~~~~~~~~~~~~~ ~~~~~1~1] 11111111111111111111111 

Date Mailed: 05/28/2009 

Receipt is acknowledged of this non-provisional patent application. The application will be taken up for examination 
in due course. Applicant will be notified as to the results of the examination. Any correspondence concerning the 
application must include the following identification information: the U.S. APPLICATION NUMBER, FILING DATE, 
NAME OF APPLICANT, and TITLE OF INVENTION. Fees transmitted by check or draft are subject to collection. 
Please verify the accuracy of the data presented on this receipt. If an error is noted on this Filing Receipt, please 
submit a written request for a Filing Receipt Correction. Please provide a copy of this Filing Receipt with the 
changes noted thereon. If you received a "Notice to File Missing Parts" for this application, please submit 
any corrections to this Filing Receipt with your reply to the Notice. When the USPTO processes the reply 
to the Notice, the USPTO will generate another Filing Receipt incorporating the requested corrections 

Applicant( s) 
Rudy G. H. Eschauzier, Bergschenhoek, NETHERLANDS; 
Nico van Rijn, Katwijk, NETHERLANDS; 

Assignment For Published Patent Application 
NUMBER 14 B.V., Bergschenhoek, NETHERLANDS 

Power of Attorney: The patent practitioners associated with Customer Number 79124 

Domestic Priority data as claimed by applicant 

Foreign Applications 

Permission to Access - A proper Authorization to Permit Access to Application by Participating Offices 
(PTO/SB/39 or its equivalent) has been received by the USPTO. 

If Required, Foreign Filing License Granted: 05/20/2009 

The country code and number of your priority application, to be used for filing abroad under the Paris Convention, 
is US 12/464,572 

Projected Publication Date: To Be Determined - pending completion of Corrected Papers 

Non-Publication Request: No 

Early Publication Request: No 
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Title 

Low-Noise, Low-Power, Low Drift Offset Correction in Operational and Instrumentation Amplifiers 

Preliminary Class 

330 

PROTECTING YOUR INVENTION OUTSIDE THE UNITED STATES 

Since the rights granted by a U.S. patent extend only throughout the territory of the United States and have no 
effect in a foreign country, an inventor who wishes patent protection in another country must apply for a patent 
in a specific country or in regional patent offices. Applicants may wish to consider the filing of an international 
application under the Patent Cooperation Treaty (PCT). An international (PCT) application generally has the same 
effect as a regular national patent application in each PCT-member country. The PCT process simplifies the filing 
of patent applications on the same invention in member countries, but does not result in a grant of "an international 
patent" and does not eliminate the need of applicants to file additional documents and fees in countries where patent 
protection is desired. 

Almost every country has its own patent law, and a person desiring a patent in a particular country must make an 
application for patent in that country in accordance with its particular laws. Since the laws of many countries differ 
in various respects from the patent law of the United States, applicants are advised to seek guidance from specific 
foreign countries to ensure that patent rights are not lost prematurely. 

Applicants also are advised that in the case of inventions made in the United States, the Director of the USPTO must 
issue a license before applicants can apply for a patent in a foreign country. The filing of a U.S. patent application 
serves as a request for a foreign filing license. The application's filing receipt contains further information and 
guidance as to the status of applicant's license for foreign filing. 

Applicants may wish to consult the USPTO booklet, "General Information Concerning Patents" (specifically, the 
section entitled "Treaties and Foreign Patents") for more information on timeframes and deadlines for filing foreign 
patent applications. The guide is available either by contacting the USPTO Contact Center at 800-786-9199, or it 
can be viewed on the USPTO website at http://www.uspto.gov/web/offices/pac/doc/general/index.html. 

For information on preventing theft of your intellectual property (patents, trademarks and copyrights), you may wish 
to consult the U.S. Government website, http://www.stopfakes.gov. Part of a Department of Commerce initiative, 
this website includes self-help "toolkits" giving innovators guidance on how to protect intellectual property in specific 
countries such as China, Korea and Mexico. For questions regarding patent enforcement issues, applicants may 
call the U.S. Government hotline at 1-866-999-HAL T (1-866-999-4158). 

GRANTED 

LICENSE FOR FOREIGN FILING UNDER 

Title 35, United States Code, Section 184 

Title 37, Code of Federal Regulations, 5.11 & 5.15 

The applicant has been granted a license under 35 U.S.C. 184, if the phrase "IF REQUIRED, FOREIGN FILING 
LICENSE GRANTED" followed by a date appears on this form. Such licenses are issued in all applications where 
the conditions for issuance of a license have been met, regardless of whether or not a license may be required as 
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set forth in 37 CFR 5.15. The scope and limitations of this license are set forth in 37 CFR 5.15(a) unless an earlier 
license has been issued under 37 CFR 5.15(b). The license is subject to revocation upon written notification. The 
date indicated is the effective date of the license, unless an earlier license of similar scope has been granted under 
37 CFR 5.13 or 5.14. 

This license is to be retained by the licensee and may be used at any time on or after the effective date thereof unless 
it is revoked. This license is automatically transferred to any related applications(s) filed under 37 CFR 1.53(d). This 
license is not retroactive. 

The grant of a license does not in any way lessen the responsibility of a licensee for the security of the subject matter 
as imposed by any Government contract or the provisions of existing laws relating to espionage and the national 
security or the export of technical data. Licensees should apprise themselves of current regulations especially with 
respect to certain countries, of other agencies, particularly the Office of Defense Trade Controls, Department of 
State (with respect to Arms, Munitions and Implements of War (22 CFR 121-128)); the Bureau of Industry and 
Security, Department of Commerce (15 CFR parts 730-774); the Office of Foreign AssetsControl, Department of 
Treasury (31 CFR Parts 500+) and the Department of Energy. 

NOT GRANTED 

No license under 35 U.S.C. 184 has been granted at this time, if the phrase "IF REQUIRED, FOREIGN FILING 
LICENSE GRANTED" DOES NOT appear on this form. Applicant may still petition for a license under 37 CFR 5.12, 
if a license is desired before the expiration of 6 months from the filing date of the application. If 6 months has lapsed 
from the filing date of this application and the licensee has not received any indication of a secrecy order under 35 
U.S.C. 181, the licensee may foreign file the application pursuant to 37 CFR 5.15(b). 
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Electronic Acknowledgement Receipt 

EFSID: 5759233 

Application Number: 12464572 

International Application Number: 

Confirmation Number: 1854 

Title of Invention: 
Low-Noise, Low-Power, Low Drift Offset Correction in Operational and 
Instrumentation Amplifiers 

First Named Inventor/Applicant Name: Rudy G. H. Eschauzier 

Customer Number: 79124 

Filer: Roger W. Blakely/Jessica Clark 

Filer Authorized By: Roger W. Blakely 

Attorney Docket Number: 55123P376 

Receipt Date: 23-JUL-2009 

Filing Date: 12-MAY-2009 

TimeStamp: 16:32:31 

Application Type: Utility under 35 USC 111 (a) 

Payment information: 

Submitted with Payment I no 

File Listing: 

Document 
Document Description File Name 

File Size( Bytes)/ Multi Pages 
Number Message Digest Part /.zip (ifappl.) 

23942 

1 
Applicant Response to Pre-Exam 55123P376_20090723_Resp_C 

no 1 
Formalities Notice orr_App_Pprs.PDF 

2068ea635d3f918fa5489c1696b 1 d14 7f018 
2ebc 

Warnings: 

Information: 
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357196 

2 
Drawings-only black and white line 55123P376_20090723_Rplcmn 

no 17 
drawings t_Figs.pdf 

0 17 6a2 714 33 6c03bbe09a9a 73 cS cc840b 79 
4378c 

Warnings: 

Information: 

Total Files Size (in bytes) 381138 

This Acknowledgement Receipt evidences receipt on the noted date by the USPTO of the indicated documents, 
characterized by the applicant, and including page counts, where applicable. It serves as evidence of receipt similar to a 
Post Card, as described in MPEP 503. 

New A~~lications Under 35 U.S.C. 111 
If a new application is being filed and the application includes the necessary components for a filing date (see 37 CFR 
1.53(b)-(d) and MPEP 506), a Filing Receipt (37 CFR 1.54) will be issued in due course and the date shown on this 
Acknowledgement Receipt will establish the filing date of the application. 

National Stage of an International A~~lication under 35 U.S.C. 371 
If a timely submission to enter the national stage of an international application is compliant with the conditions of 35 
U.S.C. 371 and other applicable requirements a Form PCT/DO/E0/903 indicating acceptance of the application as a 
national stage submission under 35 U.S.C. 371 will be issued in addition to the Filing Receipt, in due course. 

New International A~~lication Filed with the USPTO as a Receiving Office 
If a new international application is being filed and the international application includes the necessary components for 
an international filing date (see PCT Article 11 and MPEP 181 0), a Notification of the International Application Number 
and of the International Filing Date (Form PCT/R0/1 OS) will be issued in due course, subject to prescriptions concerning 
national security, and the date shown on this Acknowledgement Receipt will establish the international filing date of 
the application. 
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A1TORNEY DOCKET NO· 55123P376 

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

In re the Application of: 

RUDY G. H. ESCHAUZJER, ET AL. 

Application No.: 12/464,572 Art Group: 

Filed: May 12, 2009 Examiner: 

For: Low-Noise, Low-Power, Low Drift Offset Correction in 
Operational and Instrumentation Amplifiers Confirmation No.: 1854 

Mail Stop Missing Parts 
Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

RESPONSE TO NOTICE TO FILE CORRECTED APPLICATION PAPERS 

Sir: 

In response to the Notice to File Corrected Application Papers mailed May 28, 2009, please find enclosed: 

· substitute drawing(s) in compliance with 37 CFR § 1.84; 

If any additional fee is required, please charge Deposit Account No. 02-2666. 

Date: JuljL23.,.LJ20ill.Oa9 __ _ 

1279 Oakmead Parkway 
Sunnyvale, CA 94085-4040 
Telephone: (714) 557-3800 

Respectfully submitted, 

BLAKELY, SoKoLOFF, TAYLOR & ZAFMAN LLP 

1 hereby certify that this correspondence is being submitted 
electronically via EFS Web on the date shown below. 
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Application No. Applicant(s) 

12/464,572 ESCHAUZIER ET AL. 

Office Action Summary Examiner Art Unit 

Khiem D. Nguyen 2817 

-- The MAILING DATE of this communication appears on the cover sheet with the correspondence address --
Period for Reply 

A SHORTENED STATUTORY PERIOD FOR REPLY IS SET TO EXPIRE~ MONTH(S) OR THIRTY (30) DAYS, 
WHICHEVER IS LONGER, FROM THE MAILING DATE OF THIS COMMUNICATION. 
- Extensions of time may be available under the provisions of 37 CFR 1.136(a). In no event, however, may a reply be timely filed 

after SIX (6) MONTHS from the mailing date of this communication. 
- If NO period for reply is specified above, the maximum statutory period will apply and will expire SIX (6) MONTHS from the mailing date of this communication. 
- Failure to reply within the set or extended period for reply will, by statute, cause the application to become ABANDONED (35 U.S.C. § 133). 

Any reply received by the Office later than three months after the mailing date of this communication, even if timely filed, may reduce any 
earned patent term adjustment. See 37 CFR 1.704(b). 

Status 

1)0 Responsive to communication(s) filed on __ . 

2a)0 This action is FINAL. 2b)~ This action is non-final. 

3)0 Since this application is in condition for allowance except for formal matters, prosecution as to the merits is 

closed in accordance with the practice under Ex parte Quayle, 1935 C.D. 11, 453 O.G. 213. 

Disposition of Claims 

4)~ Claim(s) 1-36 is/are pending in the application. 

4a) Of the above claim(s) 34-36 is/are withdrawn from consideration. 

5)0 Claim(s) __ is/are allowed. 

6)~ Claim(s) 1-6 and 24-28 is/are rejected. 

7)~ Claim(s) 7-23 and 29-33 is/are objected to. 

8)~ Claim(s) 34-36 are subject to restriction and/or election requirement. 

Application Papers 

9)0 The specification is objected to by the Examiner. 

10)~ The drawing(s) filed on 23 July 2009 is/are: a)~ accepted or b)O objected to by the Examiner. 

Applicant may not request that any objection to the drawing(s) be held in abeyance. See 37 CFR 1.85(a). 

Replacement drawing sheet(s) including the correction is required if the drawing(s) is objected to. See 37 CFR 1.121 (d). 

11 )0 The oath or declaration is objected to by the Examiner. Note the attached Office Action or form PT0-152. 

Priority under 35 U.S.C. § 119 

12)0 Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 119(a)-(d) or (f). 

a)O All b)O Some* c)O None of: 

1.0 Certified copies of the priority documents have been received. 

2.0 Certified copies of the priority documents have been received in Application No. __ . 

3.0 Copies of the certified copies of the priority documents have been received in this National Stage 

application from the International Bureau (PCT Rule 17 .2(a)). 

*See the attached detailed Office action for a list of the certified copies not received. 

Attachment(s) 

1) ~ Notice of References Cited (PT0-892) 

2) 0 Notice of Draftsperson's Patent Drawing Review (PT0-948) 

4) 0 Interview Summary (PT0-413) 
Paper No(s)/Mail Date. __ . 

5) 0 Notice of Informal Patent Application 3) ~ Information Disclosure Statement(s) (PTO/SB/08) 
Paper No(s)/Mail Date 05/20/2009. 

U.S. Patent and Trademark Off1ce 

PTOL-326 (Rev. 08-06) 

6) 0 Other: __ . 

Office Action Summary Part of Paper No./Mail Date 20100830 
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Application/Control Number: 12/464,572 

Art Unit: 2817 

DETAILED ACTION 

Election/Restrictions 

Page 2 

1. During a telephone conversation with Roger Blakely on 8-27-201 0 a provisional 

election was made without traverse to prosecute the invention of Group I, claims 1-33. 

Affirmation of this election must be made by applicant in replying to this Office action. 

Claims 34-36 are withdrawn from further consideration by the examiner, 37 

CFR 1.142(b ), as being drawn to a non-elected invention. 

2. Restriction to one of the following inventions is required under 35 U .S.C. 121: 

I. Claims 1-33, drawn to a chopper amplifier and auto-zero circuitry, 

classified in class 330, subclass 9. 

II. Claims, 34, 35, 36, drawn to logic circuit and switches and clock signal, 

classified in class 326, subclass 99. 

3. Inventions Group I and Group II are related as combination and subcombination. 

Inventions in this relationship are distinct if it can be shown that (1) the combination as 

claimed does not require the particulars of the subcombination as claimed for 

patentability, and (2) that the subcombination has utility by itself or in other 

combinations (MPEP § 806.05(c)). In the instant case, the combination as claimed 

does not require the particulars of the subcombination as claimed because Group I 

discloses an amplifier system comprising differential amplifier and chopper and auto-

zero circuitry. The subcombination has separate utility such as Group II discloses a 

circuit comprising logic and switches circuit. 
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Application/Control Number: 12/464,572 

Art Unit: 2817 

Page 3 

Because of theses inventions are distinct for the reason given above and the 

search for Group II is not required for Group I, restriction for examination purpose as 

indicated is proper 

The examiner has required restriction between combination and subcombination 

inventions. Where applicant elects a subcombination, and claims thereto are 

subsequently found allowable, any claim(s) depending from or otherwise requiring all 

the limitations of the allowable subcombination will be examined for patentability in 

accordance with 37 CFR 1.1 04. See MPEP § 821.04(a). Applicant is advised that if 

any claim presented in a continuation or divisional application is anticipated by, or 

includes all the limitations of, a claim that is allowable in the present application, such 

claim may be subject to provisional statutory and/or nonstatutory double patenting 

rejections over the claims of the instant application. 

4. Restriction for examination purposes as indicated is proper because all these 

inventions listed in this action are independent or distinct for the reasons given above 

and there would be a serious search and/or examination burden if restriction were not 

required because at least the following reason(s) apply: 

(a) the inventions have acquired a separate status in the art in view of their 

different classification; 

(b) the inventions have acquired a separate status in the art due to their 

recognized divergent subject matter; 
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Application/Control Number: 12/464,572 

Art Unit: 2817 

(c) the inventions require a different field of search (for example, searching 

Page 4 

different classes/subclasses or electronic resources, or employing different 

search queries); 

(d) the prior art applicable to one invention would not likely be applicable to 

another invention; 

(e) the inventions are likely to raise different non-prior art issues under 35 U.S.C. 

101 and/or 35 U.S.C. 112, first paragraph. 

Applicant is advised that the reply to this requirement to be complete must 

include (i) an election of a invention to be examined even though the requirement 

may be traversed (37 CFR 1.143) and (ii) identification of the claims encompassing 

the elected invention. 

The election of an invention may be made with or without traverse. To reserve a 

right to petition, the election must be made with traverse. If the reply does not distinctly 

and specifically point out supposed errors in the restriction requirement, the election 

shall be treated as an election without traverse. Traversal must be presented at the time 

of election in order to be considered timely. Failure to timely traverse the requirement 

will result in the loss of right to petition under 37 CFR 1.144. If claims are added after 

the election, applicant must indicate which of these claims are readable upon the 

elected invention. 

If claims are added after the election, applicant must indicate which of these 

claims are readable upon the elected invention. 
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Application/Control Number: 12/464,572 

Art Unit: 2817 

Page 5 

Should applicant traverse on the ground that the inventions are not patentably 

distinct, applicant should submit evidence or identify such evidence now of record 

showing the inventions to be obvious variants or clearly admit on the record that this is 

the case. In either instance, if the examiner finds one of the inventions unpatentable 

over the prior art, the evidence or admission may be used in a rejection under 35 U.S.C. 

1 03(a) of the other invention. 

5. Applicant is reminded that upon the cancellation of claims to a non-elected 

invention, the inventorship must be amended in compliance with 37 CFR 1.48(b) if one 

or more of the currently named inventors is no longer an inventor of at least one claim 

remaining in the application. Any amendment of inventorship must be accompanied by 

a request under 37 CFR 1 .48(b) and by the fee required under 37 CFR 1.17(i). 

Claim Rejections- 35 USC§ 102 

6. The following is a quotation of the appropriate paragraphs of 35 U.S.C. 102 that 

form the basis for the rejections under this section made in this Office action: 

A person shall be entitled to a patent unless-

(b) the invention was patented or described in a printed publication in this or a foreign country or in 
public use or on sale in this country, more than one year prior to the date of application for patent in 
the United States. 

7. Claims 1 & 3 are rejected under 35 U.S.C. 102(b) as being anticipated by 

Huijsing et al. (USP 6,734,723 82). 

Huijsing et al. disclose (e.g. fig. 3) having operational amplifier system, a circuit 

comprising an amplifier A 1 (i.e. a first differential amplifier); Choppers S1 and S2 (i.e. 

first and second choppers) for chopping the input and the output of the first differential 

amplifier A1, respectively; Autozero amplifier Gm3 and choppers 83, 84, and integrator 
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Art Unit: 2817 

Page 6 

Gm4 form an autozero circuitry coupled to the first differential amplifier for autozeroing 

the first differential amplifier; and wherein the autozero circuitry operating at a first 

frequency and the choppers operating at a second frequency unequal to the first 

frequency (see column 5, second paragraph, frequency f2 and f1 could be identical but 

does not have to be) and an amplifier Gm3 having differential inputs coupled to the first 

and second differential inputs of the amplifier system and an output coupled to the 

output amplifier. 

Claim Rejections- 35 USC§ 103 

8. The following is a quotation of 35 U.S.C. 1 03(a) which forms the basis for all 

obviousness rejections set forth in this Office action: 

(a) A patent may not be obtained though the invention is not identically disclosed or described as set 
forth in section 102 of this title, if the differences between the subject matter sought to be patented and 
the prior art are such that the subject matter as a whole would have been obvious at the time the 
invention was made to a person having ordinary skill in the art to which said subject matter pertains. 
Patentability shall not be negatived by the manner in which the invention was made. 

9. This application currently names joint inventors. In considering patentability of 

the claims under 35 U.S.C. 1 03(a), the examiner presumes that the subject matter of 

the various claims was commonly owned at the time any inventions covered therein 

were made absent any evidence to the contrary. Applicant is advised of the obligation 

under 37 CFR 1 .56 to point out the inventor and invention dates of each claim that was 

not commonly owned at the time a later invention was made in order for the examiner to 

consider the applicability of 35 U.S.C. 1 03(c) and potential 35 U.S.C. 1 02(e), (f) or (g) 

prior art under 35 U.S.C. 1 03(a). 

10. Claims 2, 4-6 and 24-28 are rejected under 35 U.S.C. 1 03(a) as being 

unpatentable over Huijsing et al. 
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Huijsing et al. teach all of the limitations as discussed above except for the 

Page 7 

second frequency being twice the first frequency, and the first and second frequencies 

each have a 50% duty cycle or the first frequency is twice the second frequency, the 

second frequency having a 50% duty cycle and the first frequency has a duty cycle of 

less than 50% or the first frequency has a duty cycle of not more than 25% or the ratio 

of the frequencies being two to one or duty cycle of less than one half or duty cycle of 

not more than one-quarter. However, it would have been obvious to one of ordinary 

skill in the art at the time the invention was made to implement the circuit wherein the 

second frequency being twice the first frequency and the first and second frequencies 

each have a 50% duty cycle or the first frequency is twice the second frequency, since 

this could be achieved through routine experimentation and the effective of the value on 

the circuit would have known it would be obvious to optimize such as a circuit to achieve 

the claimed invention. 

Allowable Subject Matter 

11. Claims 7-23 & 29-33 are objected to as being dependent upon a rejected base 

claim, but would be allowable if rewritten in independent form including all of the 

limitations of the base claim and any intervening claims. 

An output amplifier having an input coupled to an output of the second chopper 

and third switch pluralities of open and closed switches are do not disclosed by Huijsing 

et al. 
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Application/Control Number: 12/464,572 

Art Unit: 2817 

Conclusion 

Page 8 

Any inquiry concerning this communication or earlier communications from the 

examiner should be directed to Khiem D. Nguyen whose telephone number is (571 )270-

3941. The examiner can normally be reached on Mon-Fri 8:00AM-5:00PM EST. 

If attempts to reach the examiner by telephone are unsuccessful, the examiner's 

supervisor, Robert J. Pascal can be reached on (571 )272-1769. The fax phone number 

for the organization where this application or proceeding is assigned is 571-273-8300. 

Information regarding the status of an application may be obtained from the 

Patent Application Information Retrieval (PAIR) system. Status information for 

published applications may be obtained from either Private PAIR or Public PAIR. 

Status information for unpublished applications is available through Private PAIR only. 

For more information about the PAIR system, see http://pair-direct.uspto.gov. Should 

you have questions on access to the Private PAIR system, contact the Electronic 

Business Center (EBC) at 866-217-9197 (toll-free). If you would like assistance from a 

USPTO Customer Service Representative or access to the automated information 

system, call 800-786-9199 (IN USA OR CANADA) or 571-272-1000. 

KDN 

/Robert Pascal/ 
Supervisory Patent Examiner, Art Unit 2817 
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Amdt. Dated 12/21/2010 
Reply to Office Action of September 21, 2010 

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

Application. No. 

Applicant 

12/464,572 Confim1ation No. 1854 

Filed 

TC/A.U. 

Examiner 

Docket No. 

Customer No. 

Mail Stop Amendment 
Commissioner for Patents 
PO Box 1450 

Rudy G. H. Eschauzier et al. 

05/12/2009 

2817 

Nguyen, Khiem D 

55123P376 

79124 

Alexandria VA 22313-1450 

AMENDMENT 

Sir: 

In response to the Office Action of September 21, 2010, please amend the above­
identified application as follows: 

Amendments to the Claims are reflected in the listing of claims which begins on page 2 of this 
paper. 

Remarks/Arguments begin on page 12 ofthis paper. 
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AppL No. 
Amdt. Dated 12/21/2010 
Reply to Office Action of September 21, 2010 

Amendments to the Claims: 

This listing of claims will replace all prior versions, and listings, of claims in the 
application: 

Listing of Claims: 

1. (currently amended) In an amplifier system, a circuit comprising: 

a first differential amplifier; 

first and second choppers for chopping the input and the output of the first differential 

amplifier, respectively; 

autozero circuitry coupled to the first differential amplifier for autozeroing the first 

differential amplifier; 

the autozero circuitry operating at a first frequency and the choppers operating at a 

second frequency,_ unequal to the first frequency being twice the second frequency, the second 

frequency having a 50% duty cycle; 

the first frequency having a duty cycle of Jess than 50%; 

each half cycle of the choppers being interrupted while the first differential amplifier is 

auto-zeroed. 

2. (cancelled) 

3. (original) The circuit of claim 1 further comprising an amplifier having 

differential inputs coupled to the first and second differential inputs of the amplifier system and 

an output coupled to the output amplifier. 

4. (cancelled) 

5. (cancelled) 
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Appl. No. 12/464,572 
Arndt. Dated 12/21/2010 
Reply to Office Action of September 21, 2010 

6. (currently amended) The circuit of claim 4 wherein the first frequency has a duty 

cycle of not more than 25%, 'Nhereby each half cycle of the choppers is interrupted '.vhile the 

first differential amplifier is auto zeroed. 

7. (currently amended) In an amplifier system, a circuit comprising: 

a first differential amplifier; 

first and second choppers for chopping the input and the output of the first differential 

amplifier, respectively; 

The circuit of claim 1 'vVherein the first chopper-is being coupled to the first and second 

differential inputs of the amplifier system,~ and further comprising: 

a first-switch having a first first-switch state coupling the differential inputs of the first 

differential amplifier to differential outputs of the first chopper, and a second first-switch state 

connecting the differential inputs of the first differential amplifier together; 

a second differential amplifier, the second differential amplifier having differential 

inputs, each connected to a circuit ground through a respective capacitance; 

differential outputs of the first and second differential amplifiers being coupled in 

common; 

an output amplifier having an input coupled to an output of the second chopper; 

a second-switch having a first second-switch state coupling the common outputs of the 

first and second differential amplifiers to an input of the second chopper, and a second second­

switch state coupling the common outputs of the first and second differential amplifiers to the 

differential inputs of the second differential amplifier~ 

the first and second switches operating at a first frequency and the choppers operating at 

a second frequency unequal to the first frequency. 

8. (original) The circuit of claim 7 wherein the second frequency is twice the first 

frequency, and the first and second frequencies each have a 50% duty cycle. 

9. (original) The circuit of claim 7 wherein the first frequency is twice the second 

frequency, the second frequency having a 50% duty cycle. 
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Amdt. Dated 12/21/2010 
Reply to Office Action of September 21, 2010 

10. (original) The circuit of claim 9 wherein the first frequency has a duty cycle of 

less than 50%, whereby each half cycle of the choppers is interrupted while the first differential 

amplifier is auto-zeroed. 

11. (original) The circuit of claim 9 wherein the first frequency has a duty cycle of 

not more than 25%, whereby each half cycle of the choppers is interrupted while the first 

differential amplifier is auto-zeroed. 

12. (original) The circuit of claim 9 further comprising: 

third and fourth differential amplifiers, the fourth differential amplifier having differential 

inputs, each connected to a circuit ground through a respective capacitance, differential outputs 

of the third and fourth differential amplifiers being coupled in common; 

the first-switch when in the first first-switch state also coupling the differential inputs of 

the third differential amplifier together and coupling the common outputs of the third and fourth 

differential amplifiers to the differential inputs to the fourth differential amplifier; 

the first-switch when in the second first-switch state coupling the differential outputs of 

the first chopper to the differential inputs of the third differential amplifier and coupling the 

common differential outputs ofthe third and fourth differential amplifiers to the differential 

inputs ofthe second chopper. 

13. (original) The circuit of claim 12 further comprising an amplifier having 

differential inputs coupled to the first and second differential inputs ofthe amplifier system and 

an output coupled to the output amplifier. 

14. (original) The circuit of claim 9 wherein: 

the first and second switches and the first and second choppers comprise third, fourth and 

fifth switches, each having an open and a closed state; 

the first differential input of the amplifier system being com1ectable to a first differential 

input of the first differential amplifier by third and fifth switches, and to a second differential 

input of the first differential amplifier by the fourth and fifth switches; 
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Appl. No. 12/464,572 
Arndt. Dated 12/21/2010 
Reply to Office Action of September 21, 2010 

the second differential input of the amplifier system being connectable to the first 

differential input of the first differential amplifier by the fourth switch, and to the second 

differential input of the first differential amplifier by the third switch; 

a first common connection of the outputs of the first and third differential amplifiers 

being connectable to a first differential input of the differential output amplifier through the third 

switch and to a second differential input to the differential output amplifier through the fourth 

switch; 

a second common connection of the outputs ofthe first and second differential amplifiers 

being connectable to a first input of the differential output amplifier through the fourth switch 

and to a second input to the differential output amplifier through the third switch; 

the common connection of the differential outputs ofthe first and second differential 

amplifiers being connectable to the differential inputs of the second differential amplifier by the 

fifth switch. 

15. (original) The amplifier of claim 14 wherein the output amplifier is a multiple 

stage amplifier. 

16. (original) The circuit of claim 14 further comprising a third amplifier having 

differential inputs coupled to the differential inputs of the amplifier system and an output 

coupled to the output amplifier. 

17. (original) The circuit of claim 14 wherein the third switches are all closed at the 

same time, but not when the fourth and fifth switches are closed, the fourth switches are all 

closed at the same time, but not when any of the third and fifth switches are closed, and the fifth 

switches are all closed at the same time, but not when any of the third or fourth switches are 

closed, whereby the switch operation is nonoverlapping, the fifth switches being closed at the 

first frequency with a duty cycle ofless than 50%, the third switches being closed at a second 

frequency with a duty cycle of approximately 50%, except as interrupted for the closure of the 

fifth switches, and the fourth switches being closed at the second frequency with a duty cycle of 

approximately 50%, except as interrupted for the closure of the fifth switches. 
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Reply to Office Action of September 21,2010 

18. (original) The amplifier of claim 17 wherein the fifth switches are closed with a 

duty cycle of not more 25%. 

19. (original) The amplifier of claim 17 wherein the output amplifier is a multiple 

stage amplifier. 

20. (original) The circuit of claim 17 further having third and fourth differential 

inputs of the amplifier system forming a second differential input port, and further comprising: 

a third differential amplifier having first and second differential inputs; 

the third differential input of the amplifier system being connectable to the first 

differential input of the third differential amplifier by third and fifth switches, and to the second 

differential input of the third differential amplifier by the fourth and fifth switches; 

the fourth differential input of the amplifier system being connectable to the first 

differential input of the third differential amplifier by the fourth switch and to the second 

differential input of the third differential amplifier by the third switch; 

differential outputs of the third differential amplifier being coupled in common with the 

differential outputs of the first and second differential amplifiers. 

21. (original) The circuit of claim 20 further comprising fomih and fifth differential 

amplifiers, the fourth differential amplifier having differential inputs coupled to the first and 

second differential inputs of the amplifier system and an output coupled to the output amplifier, 

and the fifth differential amplifier having differential inputs coupled to the third and fourth 

differential inputs of the amplifier system and an output coupled to the output amplifier. 

22. (original) The circuit of claim 17 further comprising: 

a timing circuit for providing three output timing signals for controlling the timing of the 

third, fourth and fifth switches respectively, the output timing signals having first and second 

states and being nonoverlapping in the second state, the three output timing signals being 

provided from three input signals of first and second states, any of which input signals may 

overlap in the second state, comprising: 
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logic coupled to delay the change of a first output timing signal to the second state 

response to a change of the first input signal to the second state until after both second and third 

output signals are in the first state; 

logic coupled to delay the change of a second output timing signal to the second state 

response to a change of the second input signal to the second state until after both first and third 

output signals are in the first state; and, 

logic coupled to delay the change of a third output timing signal to the second state 

response to a change of the third input signal to the second state until after both first and second 

output signals are in the first state. 

23. (original) The circuit of claim 22 further comprising: 

switch drive circuits for driving the third, fourth and fifth switches on the first and second 

differential inputs to the amplifier system to control their on and off states, respectively, each 

drive circuit being responsive to a respective output timing signal of the timing circuit, to control 

the on and off states of the third, fourth and fifth switches, respectively; 

circuitry for connecting a first lead of a capacitor to a power supply voltage, a second 

capacitor lead to a circuit ground and holding the respective switch in the off state when the 

respective output timing signal is its first state; and, 

circuitry for connecting the second lead of the capacitor to a voltage responsive to a 

common mode voltage of the first and second differential inputs ofthe amplifier system and 

connecting the first capacitor lead to a control voltage for the respective switch when the circuit 

is clocked by a respective output timing signal; 

whereby the control voltage for turning on the switches is approximately one power 

supply voltage above the common mode voltage of the first and second differential inputs of the 

amplifier system, independent of what the common mode voltage is. 

24. (cancelled) 

25. (cancelled) 
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26. (currently amended) The method of claim 24 v<herein A method of operating a 

chopper stabilized first amplifier, the chopper stabilized first amplifier having an auto-zeroing 

capability comprising: 

operating the chopper stabilization at a first frequency; and, 

operating the auto-zeroing at a second frequency; 

the ratio of the frequencies being two to one. 

the second frequency is-being twice the first frequency and has-having a duty cycle of 

less than one half. 

27. (currently amended) The method of claim 26 v,rherein A method of operating a 

chopper stabilized first amplifier, the chopper stabilized first amplifier having an auto-zeroing 

capability comprising: 

operating the chopper stabilization at a first frequency; and, 

operating the auto-zeroing at a second frequency; 

the ratio of the frequencies being two to one. 

the second frequency has-having a duty cycle of not more than one-quarter. 

28. (currently amended) The method ofclaim 24 further comprising:A method of 

operating a chopper stabilized first amplifier, the chopper stabilized first amplifier having an 

auto-zeroing capability comprising: 

operating the chopper stabilization at a first frequency; and, 

operating the auto-zeroing at a second frequency; 

the ratio of the frequencies being two to one. 

after each cycle of the chopper stabilization of the first amplifier, chopper stabilizing a 

second amplifier using the same choppers; 

and, 

auto-zeroing the second amplifier while the first amplifier is being chopper stabilized; 

auto-zeroing the first amplifier while the second amplifier is being chopper stabilized; 

the outputs ofthe first and second amplifiers being connected in common. 
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29. (currently amended) The method ofclairn 24 A method of operating a chopper 

stabilized first amplifier, the chopper stabilized first amplifier having an auto-zeroing capability 

wherein the chopper stabilized first amplifier has first, second and third pluralities of open and 

closed switches, the first and second switches being coupled as input and output chopper 

switches and the third switches being coupled as auto-zero switches, wherein the first switches 

are all closed at the same time, but not when the second and third switches are closed, the second 

switches arc all closed at the same time, but not when any of the first and third switches are 

closed, and the third switches are all closed at the same time, but not when the first or second 

switches are closed, whereby the switch operation is nonoverlapping, the third switches being 

closed at a first frequency with a duty cycle ofless than 50%, the first switches being closed at a 

second frequency equal to one half the first frequency with a duty cycle of approximately 50%, 

except as interrupted for the closure of the third switches, and the second switches being closed 

at the second frequency with a duty cycle of approximately 50%, except as interrupted for the 

closure of the third switches~ 

operating the first and second switches at a first frequency; and, 

operating the third switches at a second frequency; 

the ratio of the frequencies being two to one. 

30. (original) The method of claim 29 wherein the third switches are closed with a 

duty cycle of not more 25%. 

31. (original) The method of claim 30 wherein the output amplifier is a multiple 

stage amplifier. 

32. (original) The method of claim 29 wherein the first amplifier has first and second 

differential inputs and further comprising: 

controlling, responsive to a clocking signal, the on and off states of switches controlling 

the connection of the first and second differential inputs to differential amplifier system inputs 

and to themselves, the differential amplifier system inputs having a common mode voltage, 

comprising, for each pair of switches: 
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connecting a first lead of a capacitor to a power supply voltage, a second capacitor lead to 

a circuit ground and holding the switches in the off state when the switch control circuit is not 

being clocked by one of a first, second or third timing signal; and, 

connecting the second lead of the capacitor to a voltage responsive to the common mode 

voltage and connecting the first capacitor lead to a control voltage when the circuit is clocked by 

the respective first, second or third timing signal; 

whereby the control voltage for turning on the switches is approximately one power 

supply voltage above the common mode voltage, independent of what the common mode voltage 

IS. 

33. (original) The method of claim 32 further comprising: 

providing the first, second and third timing signals, each having first and second states 

corresponding to switch on and off states, the three timing signals being nonoverlapping in the 

first state from three input signals of first and second states, any two of which may overlap in the 

first state by; 

delaying the change ofthe first timing signal to the first state response to a change of the 

first input signal to the first state until after both the second and the third timing signals are in the 

second state; 

delaying the change of the second timing signal to the first state response to a change of 

the second input signal to the first state until after both the first and the third output signals are in 

the second state; and, 

delaying the change of the third timing signal to the first state response to a change of the 

third input signal to the first state until after both the first and the second output signals are in the 

second state. 

34. (withdrawn) A circuit for providing three output timing signals having first and 

second states and being nonoverlapping in the first state from three input signals of first and 

second states, any two of which may overlap in the first state, comprising: 
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logic coupled to delay the change of a first output timing signal to the first state response 

to a change of the first input signal to the first state until after both second and third output 

signals are in the second state; 

logic coupled to delay the change of a second output timing signal to the first state 

response to a change of the second input signal to the first state until after both first and third 

output signals are in the second state; and, 

logic coupled to delay the change of a third output timing signal to the first state response 

to a change of the third input signal to the first state until after both first and second output 

signals are in the second state. 

35. (withdrawn) A switch control circuit for controlling, responsive to a clocking 

signal, the on and off states of switches controlling the connection of first and second differential 

input signals, the first and second differential input signals having a common mode voltage, 

compnsmg: 

circuitry for connecting a first lead of a capacitor to a power supply voltage, a second 

capacitor lead to a circuit ground and holding the switches in the off state when the switch 

control circuit is not being clocked; and, 

circuitry for connecting the second lead of the capacitor to a voltage responsive to the 

common mode voltage and connecting the first capacitor lead to a switch control voltage when 

the circuit is clocked; 

whereby the switch control voltage for turning on the switches is approximately one 

power supply voltage above the common mode voltage, independent of what the common mode 

voltage is. 

36. (withdrawn) The switch control circuit of claim 35 wherein the first and second 

differential input signals are coupled to an input pair of transistors having a common connection 

to a current source, and wherein the common mode voltage is provided by a third transistor 

coupled to the common connection. 
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REMARKS/ ARGUMENTS 

Applicant hereby affirms election of claims 1-33 (Group 1) without traverse. 

In the outstanding office action claims 7-23 and 29-33 were merely objected to as being 
dependent upon a rejected base claim but would be allowable if rewritten in independent fonn 
including all ofthe limitations of the base claim and any intervening claims. In response, claim 
7 has been amended to now be in independent form and to include the limitations of claim 1 on 
which it previously depended. In that regard, claim 1 included the phrase "autozero circuitry 
coupled to the first differential amplifier for autozeroing the first differential amplifier". That 
phrase has been deleted as being redundant, the autozero circuitry itself being spelled out in 
original claim 7 (see Figure 5 of the present application). Also, claim 29 has been amended to 
now be in independent form and include all of the limitations of original claim 24 on which it 
originally depended. Accordingly, since claims 8-23 depend directly or indirectly on claim 7 and 
claims 30-33 depend directly or indirectly on claim 29, claims 7-23 and 29-33 should now be in 
condition for allowance. 

Claim 1 has now been amended to include the limitations of claims 4 and 5. It is 
believed that this claim is now allowable, both because of the limitation that the first frequency 
have a duty cycle less than 50% and further that each half cycle of the choppers is interrupted 
while the first differential amplifier is autozeroed. The art cited by the examiner does not 
disclose either limitation, and certainly does not disclose that each half cycle of the choppers is 
interrupted while the first differential amplifier is autozeroed. Accordingly it is believed that 
claim 1 is now in condition for allowance. Claims 2, 4 and 5 have now been cancelled. Since it 
is believed that claim 1 is now in condition for allowance, claim 3, which depends on claim 1, 
should also be in condition for allowance, as should claim 6 which has now been amended to 
now depend on claim 1 and to eliminate a now redundant portion thereof. 

Claims 24 and 25 have been cancelled, though the limitations of original claim 24 have 
now been included in claims 26, 27 and 28. Claim 26 includes the limitation that the second 
frequency is twice the first frequency and has a duty cycle of less than one half, whereas claim 
27 is similar, though requires that the second frequency have a duty cycle of not more than one 
qumier, neither of which limitations is disclosed or rendered obvious by the cited art. Claim 28 
also provides for chopper stabilizing a second amplifier using the same choppers, autozeroing the 
second amplifier while the first amplifier is being chopper stabilized and autozeroing the first 
amplifier while the second amplifier is being chopper stabilized, with the outputs of the first and 
second amplifiers being connected in common. This, too, is neither disclosed nor rendered 
obvious by the prior art cited by the examiner. 

Accordingly, for the reasons set forth herein, it is believed that all claims in the case are 
now in condition for allowance. 
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CONCLUSION 

Applicant respectfully requests that a timely Notice of Allowance be issued in this case. 

Dated: 12/21/2010 

1279 Oakmead Parkway 
Sunnyvale, California 94085 

Respectfully submitted, 

BLAKELY, SOKOLOFF, TAYLOR & ZAFMAN LLP 

By~~~~~~~~~~~~----------------
Rog· . Blakely, Jr. 
Reg. No. 25,831 
Tel.: (714) 557-3800 (Pacific 

CERTIFICATE OF TRANSMISSION (37 CFR 1.8A) 

1 haeby mti[y that th~ Mrc,pondence ;, being 'ubmifted dectroni 1/y ~ia Ef<'S!}b ~e 'how~ be~:'ZD I O 

Date: 12/21/2010 J, ·s· a A. Clark 
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Filed 
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Docket No. 
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Commissioner for Patents 
PO Box 1450 

Rudy G. H. Eschauzier et al. 
05/12/2009 
2817 
Nguyen, Khiem D 
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79124 

Alexandria VA 22313-1450 

AUTHORIZATION FOR EXTENSION OF TIME, ALL REPLIES 

Sir: 

Authmization is given to treat any concurrent or future reply requiring a petition for an 
extension of time under 3 7 CFR § 1.136( a) for its timely submission, as incorporating a petition 
for extension of time for the appropriate length of time. If any other petition is necessary for 
consideration ofthis paper, it is hereby so petitioned. Please charge any shortage in fees in 
connection with the filing ofthis paper, including extension of time fees, to Deposit Account 
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Dated: 12/2112010 

1279 Oakmead Parkway 
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Respectfully submitted, 

BLAKELY, SOKOLOFF, TAYLOR & ZAFMAN LLP 

By~~~~~~~~~~~~---------------­
Ro e · . Blakely, Jr. 
Reg. No. 25,831 
Tel.: (714) 557-3800 (Pacific 
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CERTIFICATE OF TRANSMISSION (37 CFR 1.8A) 
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ESCHAUZIER ET AL. 
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Art Unit 

12/464,572 
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All Participants: 

(1) Khiem D. Nquven. 

(2) BLAKELY, ROGER, 25831 (A TTNYI. 

Date of Interview: 22 Februarv 2011 

Type of Interview: 
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D Video Conference 
D Personal (Copy given to: D Applicant 

Exhibit Shown or Demonstrated: DYes 
If Yes, provide a brief description: 

Part I. 

Rejection(s) discussed: 

Claims discussed: 

Claim6 

Prior art documents discussed: 

Part II. 

Khiem D. Nguyen 2817 

Status of Application: __ 

(3) __ . 

(4) __ . 

Time: __ 

D Applicant's representative) 

1Z1 No 

SUBSTANCE OF INTERVIEW DESCRIBING THE GENERAL NATURE OF WHAT WAS DISCUSSED: 

Discussed claim 6, applicant agreed to change term "claim 4" in line 1, to read as --claim 1--. Please see detailed Examiner's 
amendment. 

Part Ill. 

IZ!It is not necessary for applicant to provide a separate record of the substance of the interview, since the interview 
directly resulted in the allowance of the application. The examiner will provide a written summary of the substance 
of the interview in the Notice of Allowability. 

D It is not necessary for applicant to provide a separate record of the substance of the interview, since the interview 
did not result in resolution of all issues. A brief summary by the examiner appears in Part II above. 

!Khiem D Nguyen/ 
Examiner, Art Unit 2817 

U.S. Patent and Trademark Office 

PTOL·413B (04·03) 
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Notice of Allowability 
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Khiem D. Nguyen 2817 

-- The MAILING DATE of this communication appears on the cover sheet with the correspondence address-­
All claims being allowable, PROSECUTION ON THE MERITS IS (OR REMAINS) CLOSED in this application. If not included 
herewith (or previously mailed), a Notice of Allowance (PTOL-85) or other appropriate communication will be mailed in due course. THIS 
NOTICE OF ALLOW ABILITY IS NOT A GRANT OF PATENT RIGHTS. This application is subject to withdrawal from issue at the initiative 
of the Office or upon petition by the applicant. See 37 CFR 1.313 and MPEP 1308. 
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a) D All b) D Some* c) D None of the: 
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3. D Copies of the certified copies of the priority documents have been received in this national stage application from the 

International Bureau (PCT Rule 17.2(a)). 

* Certified copies not received: __ . 

Applicant has THREE MONTHS FROM THE "MAILING DATE" of this communication to file a reply complying with the requirements 
noted below. Failure to timely comply will result in ABANDONMENT of this application. 
THIS THREE-MONTH PERIOD IS NOT EXTENDABLE. 

4. 0 A SUBSTITUTE OATH OR DECLARATION must be submitted. Note the attached EXAMINER'S AMENDMENT or NOTICE OF 
INFORMAL PATENT APPLICATION (PT0-152) which gives reason(s) why the oath or declaration is deficient. 

5. D CORRECTED DRAWINGS (as "replacement sheets") must be submitted. 

(a) D including changes required by the Notice of Draftsperson's Patent Drawing Review ( PT0-948) attached 

1) D hereto or 2) D to Paper No./Mail Date __ . 

(b) D including changes required by the attached Examiner's Amendment I Comment or in the Office action of 
Paper No./Mail Date __ . 

Identifying indicia such as the application number {see 37 CFR 1.84{c)) should be written on the drawings in the front {not the back) of 
each sheet. Replacement sheet{s) should be labeled as such in the header according to 37 CFR 1.121{d). 

6. 0 DEPOSIT OF and/or INFORMATION about the deposit of BIOLOGICAL MATERIAL must be submitted. Note the 
attached Examiner's comment regarding REQUIREMENT FOR THE DEPOSIT OF BIOLOGICAL MATERIAL. 

Attachment(s) 
1. D Notice of References Cited (PT0-892) 

2. D Notice of Draftperson's Patent Drawing Review (PT0-948) 

3. D Information Disclosure Statements (PTO/SB/08), 
Paper No./Mail Date __ 

4. D Examiner's Comment Regarding Requirement for Deposit 
of Biological Material 

U.S. Patent and Trademark Off1ce 

5. D Notice of Informal Patent Application 

6. ~ Interview Summary (PT0-413), 
Paper No./Mail Date 2-22-2011 . 

7. ~ Examiner's Amendment/Comment 

8. D Examiner's Statement of Reasons for Allowance 

9. D Other __ . 

PTOL-37 (Rev. 08·06) Notice of Allowability Part of Paper No./Mail Date 20110218 
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Application/Control Number: 12/464,572 

Art Unit: 2817 

DETAILED ACTION 

EXAMINER'S AMENDMENT 

Page 2 

An examiner's amendment to the record appears below. Should the changes 

and/or additions be unacceptable to applicant, an amendment may be filed as provided 

by 37 CFR 1.312. To ensure consideration of such an amendment, it MUST be 

submitted no later than the payment of the issue fee. 

Authorization for this examiner's amendment was given in a telephone interview 

with BLAKELY, ROGER on 2-22-2011. 

The application has been amended as follows: 

Claims 34, 35, 36 have been cancelled. 

In Claim 6: 

Claim 6 recites "claim 4" in lin1, has been changed to read as -claim 1--. 

Conclusion 

Any inquiry concerning this communication or earlier communications from the 

examiner should be directed to Khiem D. Nguyen whose telephone number is (571 )270-

3941. The examiner can normally be reached on Mon-Fri 8:00AM-5:00PM EST. 

If attempts to reach the examiner by telephone are unsuccessful, the examiner's 

supervisor, Robert J. Pascal can be reached on (571 )272-1769. The fax phone number 

for the organization where this application or proceeding is assigned is 571-273-8300. 
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Information regarding the status of an application may be obtained from the 

Patent Application Information Retrieval (PAIR) system. Status information for 

published applications may be obtained from either Private PAl R or Public PAl R. 

Status information for unpublished applications is available through Private PAIR only. 

For more information about the PAIR system, see http://pair-direct.uspto.gov. Should 

you have questions on access to the Private PAIR system, contact the Electronic 

Business Center (EBC) at 866-217-9197 (toll-free). If you would like assistance from a 

USPTO Customer Service Representative or access to the automated information 

system, call 800-786-9199 (IN USA OR CANADA) or 571-272-1000. 

KDN (2-22-2011) 

/Robert Pascal/ 
Supervisory Patent Examiner, Art Unit 2817 
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Authorized Signature _______________________ _ Date ____________________ _ 

Typed or printed name ______________________ __ Registration No. ________________ _ 

This collection of information is required by 37 CFR 1.311. The information is required to obtain or retain a benefit by the public which is to file (and by the USPTO to process) 
an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.14. This collection is estimated to take 12 minutes to complete, including gathering, preparing, and 
submitting the completed application form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount of time you require to complete 
this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and Trademark Office, U.S. Department of Commerce, P.O. 
Box 1450, Alexandria, Virginia 22313-1450. DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, 
Alexandria, Virginia 22313-1450. 
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it displays a valid OMB control number. 

PTOL-85 (Rev. 02/ll) Approved for use through 08/3112013. OMB 0651-0033 U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE 

ANALOG EXHIBIT 1002 
Page 278 of 297



UNITED STA 1ES p A 1ENT AND TRADEMARK OFFICE 

APPLICATION NO. FILING DATE 

12/464,572 05112/2009 

79124 7590 02/25/2011 

MAXIM/BSTZ 
Blakely Sokoloff Taylor & Zafman LLP 
1279 OAKMEAD PARKWAY 
SUNNYVALE, CA 94085-4040 

FIRST NAMED INVENTOR 

Rudy G. H. Eschauzier 

UNITED STATES DEPARTMENT OF COMMERCE 
United States Patent and Trademark Office 
Address: COMMISSIONER FOR PATENTS 

P.O. Box 1450 
Alexandria, Virginia 22313-1450 
www.uspto.gov 

ATTORNEY DOCKET NO. CONFIRMATION NO. 

55123P376 1854 

EXAMINER 

NGUYEN, KHIEM D 

ART UNIT PAPER NUMBER 

2817 

DATE MAILED: 02/25/2011 

Determination of Patent Term Adjustment under 35 U.S.C. 154 (b) 
(application filed on or after May 29, 2000) 

The Patent Term Adjustment to date is 71 day(s). If the issue fee is paid on the date that is three months after the 
mailing date of this notice and the patent issues on the Tuesday before the date that is 28 weeks (six and a half 
months) after the mailing date of this notice, the Patent Term Adjustment will be 71 day(s). 

If a Continued Prosecution Application (CPA) was filed in the above-identified application, the filing date that 
determines Patent Term Adjustment is the filing date of the most recent CPA. 

Applicant will be able to obtain more detailed information by accessing the Patent Application Information Retrieval 
(PAIR) WEB site (http://pair.uspto.gov). 

Any questions regarding the Patent Term Extension or Adjustment determination should be directed to the Office of 
Patent Legal Administration at (571)-272-7702. Questions relating to issue and publication fee payments should be 
directed to the Customer Service Center of the Office of Patent Publication at 1-(888)-786-0 101 or (571 )-272-4200. 

Page 3 of3 
PTOL-85 (Rev. 02/11) 
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Privacy Act Statement 

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with 
your submission of the attached form related to a patent application or patent. Accordingly, pursuant to 
the requirements of the Act, please be advised that: (1) the general authority for the collection of this 
information is 35 U.S.C. 2(b )(2); (2) furnishing of the information solicited is voluntary; and (3) the 
principal purpose for which the information is used by the U.S. Patent and Trademark Office is to process 
and/or examine your submission related to a patent application or patent. If you do not furnish the 
requested information, the U.S. Patent and Trademark Office may not be able to process and/or examine 
your submission, which may result in termination of proceedings or abandonment of the application or 
expiration of the patent. 

The information provided by you in this form will be subject to the following routine uses: 

1. The information on this form will be treated confidentially to the extent allowed under the Freedom 
of Information Act (5 U.S.C. 552) and the Privacy Act (5 U.S.C 552a). Records from this system of 
records may be disclosed to the Department of Justice to determine whether disclosure of these 
records is required by the Freedom of Information Act. 

2. A record from this system of records may be disclosed, as a routine use, in the course of presenting 
evidence to a court, magistrate, or administrative tribunal, including disclosures to opposing counsel 
in the course of settlement negotiations. 

3. A record in this system of records may be disclosed, as a routine use, to a Member of Congress 
submitting a request involving an individual, to whom the record pertains, when the individual has 
requested assistance from the Member with respect to the subject matter of the record. 

4. A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency 
having need for the information in order to perform a contract. Recipients of information shall be 
required to comply with the requirements of the Privacy Act of 1974, as amended, pursuant to 5 
U.S.C. 552a(m). 

5. A record related to an International Application filed under the Patent Cooperation Treaty in this 
system of records may be disclosed, as a routine use, to the International Bureau of the World 
Intellectual Property Organization, pursuant to the Patent Cooperation Treaty. 

6. A record in this system of records may be disclosed, as a routine use, to another federal agency for 
purposes of National Security review (35 U.S.C. 181) and for review pursuant to the Atomic Energy 
Act (42 U.S.C. 218(c)). 

7. A record from this system of records may be disclosed, as a routine use, to the Administrator, 
General Services, or his/her designee, during an inspection of records conducted by GSA as part of 
that agency's responsibility to recommend improvements in records management practices and 
programs, under authority of 44 U.S.C. 2904 and 2906. Such disclosure shall be made in accordance 
with the GSA regulations governing inspection of records for this purpose, and any other relevant 
(i.e., GSA or Commerce) directive. Such disclosure shall not be used to make determinations about 
individuals. 

8. A record from this system of records may be disclosed, as a routine use, to the public after either 
publication of the application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 
U.S.C. 151. Further, a record may be disclosed, subject to the limitations of 37 CPR 1.14, as a 
routine use, to the public if the record was filed in an application which became abandoned or in 
which the proceedings were terminated and which application is referenced by either a published 
application, an application open to public inspection or an issued patent. 

9. A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local 
law enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or 
regulation. 
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Electronic Acknowledgement Receipt 

EFSID: 10168833 

Application Number: 12464572 

International Application Number: 

Confirmation Number: 1854 

Title of Invention: 
LOW-NOISE, LOW-POWER, LOW DRIFT OFFSET CORRECTION IN OPERATIONAL 
AND INSTRUMENTATION AMPLIFIERS 

First Named Inventor/Applicant Name: Rudy G. H. Eschauzier 

Customer Number: 79124 

Filer: Roger W. Blakely/Jessica Clark 

Filer Authorized By: Roger W. Blakely 

Attorney Docket Number: 55123P376 

Receipt Date: 25-MAY-2011 

Filing Date: 12-MAY-2009 

TimeStamp: 17:43:02 

Application Type: Utility under 35 USC 111 (a) 

Payment information: 

Submitted with Payment yes 

Payment Type Deposit Account 

Payment was successfully received in RAM $1810 

RAM confirmation Number 2285 

Deposit Account 022666 

Authorized User 

The Director of the USPTO is hereby authorized to charge indicated fees and credit any overpayment as follows: 

Charge any Additional Fees required under 37 C.F.R. Section 1.16 (National application filing, search, and examination fees) 

Charge any Additional Fees required under 37 C.F.R. Section 1.17 (Patent application and reexamination processing fees) 
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Charge any Additional Fees required under 37 C.F.R. Section 1.19 (Document supply fees) 

Charge any Additional Fees required under 37 C.F.R. Section 1.21 (Miscellaneous fees and charges) 

File Listing: 

Document 
Document Description File Name 

File Size( Bytes)/ Multi Pages 
Number Message Digest Part /.zip (ifappl.) 

70786 

1 Issue Fee Payment (PT0-85B) 
55123P376_2011 0525_1ssueFe 

no 2 
eTrans_FeeAddr.PDF 

61 el f88c48b9a92fc7c1 d7a25af7 e9c5654a 
Sbl 

Warnings: 

Information: 

32222 

2 Fee Worksheet (PT0-875) fee-info. pdf no 2 
aac0f5dad9e9af3025d 1 ad42696f5bd350d 

fcac 

Warnings: 

Information: 

Total Files Size (in bytes) 103008 

This Acknowledgement Receipt evidences receipt on the noted date by the USPTO of the indicated documents, 
characterized by the applicant, and including page counts, where applicable. It serves as evidence of receipt similar to a 
Post Card, as described in MPEP 503. 

New A~~lications Under 35 U.S.C. 111 
If a new application is being filed and the application includes the necessary components for a filing date (see 37 CFR 
1.53(b)-(d) and MPEP 506), a Filing Receipt (37 CFR 1.54) will be issued in due course and the date shown on this 
Acknowledgement Receipt will establish the filing date of the application. 

National Stage of an International A~~lication under 35 U.S.C. 371 
If a timely submission to enter the national stage of an international application is compliant with the conditions of 35 
U.S.C. 371 and other applicable requirements a Form PCT/DO/E0/903 indicating acceptance of the application as a 
national stage submission under 35 U.S.C. 371 will be issued in addition to the Filing Receipt, in due course. 

New International A~~lication Filed with the USPTO as a Receiving Office 
If a new international application is being filed and the international application includes the necessary components for 
an international filing date (see PCT Article 11 and MPEP 181 0), a Notification of the International Application Number 
and of the International Filing Date (Form PCT/R0/1 OS) will be issued in due course, subject to prescriptions concerning 
national security, and the date shown on this Acknowledgement Receipt will establish the international filing date of 
the application. 
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PART B - FEE(S) TRANSMITTAL 

Complete and send this form, together with applicable fee(s), to: Mail Mail Stop ISSUE FEE 
Commissioner for Patents 
P.O. Box 1450 

or Fax 
Alexandria, Virginia 22313-1450 
(571)-273-2885 

INSTRUCTIONS: This form should be used for transmitting the ISSUE FEE and PUBLICATION FEE (if required). Blocks I through 5 should be completed where 
appropriate. All further correspondence including the Patent, advance orders and notification of maintenance fees will be mailed to the current correspondence address as 
indicated unless cory-ecte? below or directed otherwise in Block 1, by (a) specifYing a new correspondence address; and/or (b) indicating a separate "FEE ADDRESS" for 
mamtenance fee notificatiOns. 

CURRENT CORRESPONDENCE ADDRESS (Note: Use Block I for any change of address) Note: A certificate of mailing can only be used for domestic mailings of the 
Fee(s) Transmittal. This certificate cannot be used for any other accompanying 
papers. Each additional paper, such as an assignment or formal drawing, must 
have its own certificate of mailing or transmissiOn. 

79124 7590 02/25/2011 

MAXIM/BSTZ 
Blakely Sokoloff Taylor & Zafman LLP 
1279 OAKMEADPARKWAY 
SUNNYVALE, CA 94085-4040 

APPLICATION NO. FILING DATE 

12/464,572 05/12/2009 Rudy G. H. Eschauzier 

Certificate of Transmission 
I hereby certify that this correspondence is being submitted 
electronically via EFS Web on the date shown below. 

(Depositor's name) 

(Signature) 

(Date) 

ATTORNEY DOCKET NO. CONFIRMA TJON NO. 

55123P376 1854 

TITLE OF INVENTION: LOW-NOISE, LOW-POWER, LOW DRIFT OFFSET CORRECTION IN OPERATIONAL AND INSTRUMENTATION 
AMPLIFIERS 

APPLN. TYPE SMALL ENTITY ISSUE FEE DUE 

nonprovisional NO $1510 

EXAMINER ART UNIT 

NGUYEN, KHIEM D 2817 

I. Change of correspondence address or indication of "Fee Address" (37 
CFR 1.363). 

0 Change of correspondence address (or Change of Correspondence 
Address form PTO/SB/122) attached. 

IYf "Fee Address" indication (or "Fee Address" Indication form 
PTO/SB/47; Rev 03-02 or more recent) attached. Use of a Customer 
Number is required. 

PUBLICATION FEE DUE PREY. PAID ISSUE FEE TOTAL FEE(S) DUE DATE DUE 

$300 $0 

CLASS-SUBCLASS 

330-009000 

2. For printing on the patent front page, list 

(I) the names of up to 3 registered patent attorneys 
or agents OR, alternatively, 

(2) the name of a single finn (having as a member a 
registered attorney or agent) and the names of up to 
2 registered patent attorneys or agents. If no name is 
listea, no name will be printed. 

$1810 05/25/2011 

Blakely Sokoloff 
Taylor & Zafman LLP 

2. ______________________ _ 

3 ________________________ _ 

3. ASSIGNEE NAME AND RESIDENCE DATA TO BE PRINTED ON THE PATENT (print or type) 

PLEASE NOTE: Unless an assignee is identified below, no assignee data will appear on the patent. If an assignee is identified below, the document has been filed for 
recordation as set forth in 37 CFR 3.11. Completion of this form is NOT a substitute for filing an assignment. 

(A) NAME OF ASSIGNEE (B) RESIDENCE: (CITY and STATE OR COUNTRY) 

Number 14 B.V. Bergschenhoek, Netherlands 

Please check the appropriate assignee category or categories (will not be printed on the patent) : 0 Individual !if Corporation or other private group entity 0 Government 

4a. The following fee(s) are submitted: 

lXI Issue Fee 

tiJ Publication Fee (No small entity discount permitted) 

0 Advance Order- #of Copies ________________ _ 

5. Change in Entity Status (from status indicated above) 

0 a. Applicant claims SMALL ENTITY status. See 37 CFR 1.27. 

4b. Payment ofFee(s): (Please first reapply any previously paid issue fee shown above) 

0 A check is enclosed. 

0 Payment by credit card. Form PT0-2038 is attached. 
~The Director is hereby authorized to charge the reiired fee(s), any deficiency, or credit any 

overpayment, to Deposit Account Number 02- 666 (enclose an extra copy of this form). 

0 b. Applicant is no longer claiming SMALL ENTITY status. See 37 CFR 1.27(g)(2). 

Date _ _,M=a=-y,___,2=5"-,...__,2=0"-'l=--'l"---------

Registration No. ____ .,2~5c.,,'-'8.,_,3..u..l ________________ _ 

This collection of information is required by 37 CFR 1.311. The inform ion is required to obtain or retain a benefit by the public which is to file (and by the USPTO to process) 
an application. Confidentiality is governed by 35 U.S. C. 122 and 37 C R 1.14. This collection is estimated to take 12 minutes to complete, including gathering, prepanng, and 
submitting the completed applicatiOn form to the USPTO. Time will vary depending upon the individual case. Any comments on the amount of time you reguire to complete 
this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and Trademark Office, U.S. Department of Commerce, P.O. 
Box 1450, Alexandna, Virginia 22313-1450. DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, 
Alexandria, Virginia 22313-1450. 
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it displays a valid OMB control number. 
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( 

PTO/SB/47 (03-09) 
Approved for use through 03/31/2012. OMB 0651-0016 

U.S. Patent and Trademark Office; U. S. DEPARTMENT OF COMMERCE 
Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it displays a valid OMB control number. 

"FEE ADDRESS" INDICATION FORM 

Address to: Fax to: 
Mail Stop M Correspondence 571-273-6500 
Commissioner for Patents -OR-
P.O. Box 1450 
Alexandria, VA 22313-1450 

INSTRUCTIONS: The issue fee must have been paid for application(s) listed on this form. In addition, 
only an address represented by a Customer Number can be established as the fee address for maintenance 
fee purposes (hereafter, fee address). A fee address should be established when correspondence related to 
maintenance fees should be mailed to a different address than the correspondence address for the application. 
When to check the first box below: If you have a Customer Number to represent the fee address. When 
to check the second box below: If you have no Customer Number representing the desired fee address, 
in which case a completed Request for Customer Number (PTO/SB/125) must be attached to this form. For 
more information on Customer Numbers, see the Manual of Patent Examining Procedure (MPEP) § 403. 

For the following listed application(s), please recognize as the "Fee Address" under the provisions of 37 CFR 
1.363 the address associated with: 

0 Customer Number: j38062 
I 

OR 

D The attached Request for Customer Number (PTO/SB/125) form. 

PATENT NUMBER APPLICATION NUMBER 
(if known) 

12/464,572 

Completed by (check one): 

al=oAi/fl/JJt~ 1 D Applicant/Inventor 

0 Signature j I 
[{] Attorney or Agent of record 25,831 Roger W. Blakely, Jr. 

(Reg. No.) Typed or printed na/e 

0 Assignee of record of the entire interest. See 37 CFR 3. 71. (714) 557-3800 
Statement under 37 CFR 3.73(b) is enclosed. Requester's telephone number 
(Form PTO/SB/96) 

D Assignee recorded at Reel Frame May 25,2011 

Date 

NOTE: Signatures of all the inventors or assignees of record of the entire interest or their representative(s) are required. Submit multiple forms if more that one 
signature is required, see below*. 

D *Total of forms are submitted. 

Th1s collection of mformat1on 1s requ1red by 37 CFR 1.363. The mformat1on 1s required to obtam or retam a benefit by the public wh1ch 1s to f1le (and by the USPTO 
to process) an application. Confidentiality is governed by 35 U.S. C. 122 and 37 CFR 1. 11 and 1.14. This collection is estimated to take 5 minutes to complete, 
including gathering, preparing, and submitting the completed application form to the USPTO. Time will vary depending upon the individual case. Any comments on 
the amount of time you require to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and 
Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alex and ria, VA 22313- 1450. DO NOT SEND COMPLETED FORMS TO THIS A DDRESS. 
SEND TO: Mail Stop M Correspondence, Commissioner for Patents, P .0. Box 1450, Alexandria, VA 22313-1450. 

If you need assistance in completing the form, call 1-800-PT0-9199 and select option 2. 

) 
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Electronic Patent Application Fee Transmittal 

Application Number: 12464572 

Filing Date: 12-May-2009 

Title of Invention: 
LOW-NOISE, LOW-POWER, LOW DRIFT OFFSET CORRECTION IN OPERATIONAL 

AND INSTRUMENTATION AMPLIFIERS 

First Named Inventor/Applicant Name: Rudy G. H. Eschauzier 

Filer: Roger W. Blakely/Jessica Clark 

Attorney Docket Number: 55123P376 

Filed as Large Entity 

Utility under 35 USC 111 (a) Filing Fees 

Description Fee Code Quantity Amount 
Sub-Total in 

USD($) 

Basic Filing: 

Pages: 

Claims: 

Miscellaneous-Filing: 

Petition: 

Patent-Appeals-and-Interference: 

Post-Allowance-and-Post-Issuance: 

Utility Appl issue fee 1501 1 1510 1510 

Publ. Fee- early, voluntary, or normal 1504 1 300 300 
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Description Fee Code Quantity Amount 
Sub-Total in 

USD($) 

Extension-of-Time: 

Miscellaneous: 

Total in USD ($) 1810 
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UNITED STATES pATENT AND TRADEMARK OFFICE 

APPLICATION NO. 

12/464,572 

79124 

MAXIM/BSTZ 
7590 

ISSUE DATE 

07/05/2011 

06/15/2011 

Blakely Sokoloff Taylor & Zafman LLP 
1279 OAKMEAD PARKWAY 
SUNNYVALE, CA 94085-4040 

PATENT NO. 

7973596 

UNITED STATES DEPARTMENT OF COMMERCE 
United States Patent and Trademark Office 
Address: COMMISSIONER FOR PATENTS 

P.O. Box 1450 
Alexandria, Virginia 22313-1450 
www .uspto.gov 

ATTORNEY DOCKET NO. CONFIRMATION NO. 

55123P376 1854 

ISSUE NOTIFICATION 

The projected patent number and issue date are specified above. 

Determination of Patent Term Adjustment under 35 U.S.C. 154 (b) 
(application filed on or after May 29, 2000) 

The Patent Term Adjustment is 71 day(s). Any patent to issue from the above-identified application will 
include an indication of the adjustment on the front page. 

If a Continued Prosecution Application (CPA) was filed in the above-identified application, the filing date that 
determines Patent Term Adjustment is the filing date of the most recent CPA. 

Applicant will be able to obtain more detailed information by accessing the Patent Application Information 
Retrieval (PAIR) WEB site (http://pair.uspto.gov). 

Any questions regarding the Patent Term Extension or Adjustment determination should be directed to the 
Office of Patent Legal Administration at (571)-272-7702. Questions relating to issue and publication fee 
payments should be directed to the Application Assistance Unit (AAU) of the Office of Data Management 
(ODM) at (571)-272-4200. 

APPLICANT(s) (Please see PAIR WEB site http://pair.uspto.gov for additional applicants): 

Rudy G. H. Eschauzier, Bergschenhoek, NETHERLANDS; 
Nico van Rijn, Katwijk, NETHERLANDS; 

IR103 (Rev. 10/09) 
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File History Content Report

The following content is missing from the original file history record obtained from the

United States Patent and Trademark Office.  No additional information is available.

Document Title  - Applicant Communication Re: Payment of Maintenance Fee, 
8th Year, Large Entity

Document Date - 2019-01-07

This page is not part of the official USPTO record.  It has been determined that content 
identified on this document is missing from the original file history record.  
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File History Content Report

The following content is missing from the original file history record obtained from the

United States Patent and Trademark Office.  No additional information is available.

Document Title  - Applicant Communication Re: Payment of Maintenance Fee, 
12th Year, Large Entity

Document Date - 2022-12-20

This page is not part of the official USPTO record.  It has been determined that content 
identified on this document is missing from the original file history record.  
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8553733

December 13, 2024

THIS IS TO CERTIFY THAT ANNEXED IS A TRUE COPY FROM THE
RECORDS OF THIS OFFICE OF THE FILE WRAPPER AND CONTENTS
OF: 

APPLICATION NUMBER: 12/464,572
FILING DATE: May 12, 2009
PATENT NUMBER: 7973596
ISSUE DATE: July 05, 2011
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Filing Date: OS/12109 Approved for use through 713112006. OMB 0651-0032 
U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE 

Under the Paperwork Reduction Act of 1995 no persons are required to respond to a collection of information unless it displays a valid OMB control number 

PATENT APPLICATION FEE DETERMINATION RECORD Application or Docket Number 

Substitute for Form PT0-875 12/464 572 

APPLICATION AS FILED- PART I OTHER THAN 
(Column 1) (Column2) SMALL ENTITY OR SMALL ENTITY 

FOR NUMBER FILED NUMBER EXTRA RATE($) FEE($) RATE($) FEE($) 
BASIC FEE 

N/A N/A N/A N/A 330 (37 CFR 1.16(a), (b), or(c)) 
SEARCH FEE 

N/A N/A N/A N/A 540 (37 CFR 1.16(k), (i), or (m)) 
EXAMINATION FEE 

N/A N/A N/A N/A 220 (37 CFR 1.16(0), (p), or (q)) 
TOTAL CLAIMS 36 16 x$26 x$52 832 (37CFR 1.16(1)) minus 20 = OR 
INDEPENDENT CLAIMS 4 . 1 x$110 x$220 220 (37 CFR 1.16(h)) minus 3 = 

If the specification and drawings exceed 100 
APPLICATION SIZE sheets of paper, the application siZe fee due is 
FEE $270 ($135 for small entity) for each additional 

(37 CFR 1.16(s)) 50 sheets or fraction thereof. See 
35 U.S.C. 41(a)(1)(G) and 37 CFR 

MULTIPLE DEPENDENT CLAIM PRESENT (37 CFR 1.160)) 195 390 

• If the difference in column 1 is less than zero, enter "0" in column 2. TOTAL TOTAL 2142 

APPLICATION AS AMENDED- PART II 
OTHER THAN 

(Column 1) (Column 2) (Column 3) SMALL ENTITY OR SMALL ENTITY 

CLAIMS HIGHEST ADD I- ADD I-REMAINING NUMBER PRESENT 
c( AFTER PREVIOUSLY EXTRA RATE($) TIONAL RATE($) TIONAL 
1- FEE($) FEE($) z AMENDMENT PAID FOR 
w Total . .. OR :::! Minus = X = X = c (37 CFR 1.16(1)) 
z Independent . Minus . .. = = = w (37 CFR 1.16(h)) X 

OR 
X 

:::! 
c( Application Size Fee (37 CFR 1. 16(s)) 

FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM (37 CFR 1.16(j)) N/A OR NIA 

TOTAL TOTAL 
ADD'T FEE OR ADD'T FEE 

(Column 1) (Column 2) (Column 3) OR 

CLAIMS HIGHEST 
ADD I- ADD I-REMAINING NUMBER PRESENT 

m AFTER PREVIOUSLY EXTRA RATE($) TIONAL RATE($) TIONAL 
1- AMENDMENT PAID FOR FEE($) FEE($) z 
w rota! OR :::! . Minus .. = X = X = c (37CFR 1.16(1)) 
z Independent ... w . Minus = X = X = :::! (37 CFR 1.16(h)) OR 
c( Application Size Fee (37 CFR 1.16(s)) 

FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM (37 CFR 1.16(j)) N/A OR N/A 

TOTAL TOTAL 
ADD'T FEE OR ADD'T FEE 

• If the entry in column 1 is less than the entry in column 2, write '0' in column 3. .. If the 'Highest Number Previously Paid For" IN THIS SPACE is less than 20, enter '20' . ... If the 'Highest Number Previously Paid For" IN THIS SPACE is less than 3, enter '3' . 
1 ne "H1gnest Number t-'rev1ous1y t-'ald l-or" (I otal or Independent) IS tne n1gnest number tound 1n tne appropnate oox 1n column 1. 
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u d h p n er t e aperwor k R d e UCIIOn A f1995 ct o . d , no persons are requ1re to respon 

PATENT APPLICATION FEE DETERMINATION RECORD 
Substitute for Form PT0-875 
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