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Correspondence Address: An instrumentation ampli?er includes a pair of buffered 
FLIESLER MEYER LLP operational ampli?ers that accept a pair of input signals, and 
650 CALIFORNIA STREET, 14TH FLOOR a differential operational ampli?er that outputs an output 
SAN FRANCISCO, CA 94108 (US) signal indicative of a difference between the input signals. A 

low pass ?lter provides passive band limiting of the output 
(73) Assigneez INTERSIL AMERICAS INC” signal. Each operational ampli?er is implemented as a multi 

Milpitas CA (Us) path ampli?er that includes a low frequency path and a high 
’ frequency path between an input and an output of the opera 

tional ampli?er. Further, each multi-path ampli?er includes a 
(21) Appl' N05 12/627,959 differential input transconductance stage within the low fre 

quency path and a differential input transconductance stage 
(22) Filed: Nov. 30, 2009 within the high frequency path. Within each multi-path 

ampli?er, the differential input transconductance stage of the 
Related US Application Data high frequency path is noisier than, but consumes less power 

than, the differential input transconductance stage of the low 
(60) Provisional application No. 61/234,962, ?led on Aug. frequency path. Each multi-path ampli?er provides noise 

18, 2009, provisional application No. 61/250,992, shaping that results in an increase in noise above a crossover 
?led on Oct. 13, 2009. frequency of the multi-path ampli?er. 

M 
V1 

* f‘? 
0P1 | | 

R3 
u—'\N\I—‘ 

.R1 B2 
> N' NV - o 3 VOut 

; R1 R2 + p ' 
‘Nv 'VV‘v 

R3 
"—’\N\I— 

_ Cp 

l l 
v2 + Opz | | 

V 



Patent Application Publication Feb. 24, 2011 Sheet 1 0f 7 US 2011/0043280 A1 

(PRIOR ART) 



Patent Application Publication Feb. 24, 2011 Sheet 2 0f 7 US 2011/0043280 A1 

Gmf = Gms 

Ccf = 003 

Gms bl» — —| >_ 

FIG. 2A (PRIOR ART) 

Gmf = Gms 

Ccf = 605 

Cc 
l 

l l 

Gms bly >_ 
FIG. 2B (PRIOR ART) 

\ 212c Ccf : CCS 
l l 

' | |CCS 
l l 

' I |Cci 
' + 

Gms ,_ 

FIG. 2C (PRIOR ART) 



Patent Application Publication Feb. 24, 2011 Sheet 3 0f 7 US 2011/0043280 A1 

V 

\IHZ 
/\ 

x 

> Hz 

FIG. 3 (PRIOR ART) 

i 
V1 

* fi’ 
0P1 | | 

R3 
1b—lVV\'—1. 

R1 R2 
‘NV 4. ‘NY _ 

> R4 0 3 Vout 
? R1 R2 + p 

'W‘v 'W‘v 

R3 
n—lw\,— 

_ Cp 

l l 
v2 + 0P2 | | 

V 

FIG. 4 

low pass cutoff 
V frequency 

#112 /\ a, 

Band limiting 

FIG. 5 





Patent Application Publication Feb. 24, 2011 Sheet 5 0f 7 US 2011/0043280 A1 

low pass cutoff 
(C) frequency (a) (b) 

and 
V cross over |OW pass Cutoff V cross over 

‘\IHZ frequency frequency VHZ frequgncy 
/\ f/ \ ‘v A ’/ 

?x i, 

X + - x frequency ' I frequency 

Noise Shaping Band limiting Output Noise 

V (d) 
low pass cutoff 

JE cross over frequency 
" frequency ’ 

I/ 
I, 

frequency 

Output Noise 

FIG. 8 





Patent Application Publication Feb. 24, 2011 Sheet 7 0f 7 US 2011/0043280 A1 

1002 
perform noise shaping within each operational amplifier / 

of an instrumentation amplifier 

1004 
perform passive band limiting of output signal / 

of the instrumentation amplifier 

selectively disable the noise shaping in step 1002 and /1006 
the band limiting in step 1004 to thereby selectively 

provide a flat frequency response for the output signal 
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LOW NOISE, LOW POWER 
INSTRUMENTATION AMPLIFIER 

PRIORITY CLAIM 

[0001] The present application claims priority under 35 
U.S.C. 119(e) to Us. Provisional Patent Application No. 
61/234,962, entitled “LoW Noise, LoW PoWer Instrumenta 
tion Ampli?er”, ?led Aug. 18, 2009 (Attorney Docket No. 
ELAN-01240USO) and Us. Provisional Patent Application 
No. 61/250,992, entitled “LoW Noise, LoW PoWer Instrumen 
tation Ampli?er”, ?led Oct. 13, 2009 (Attorney Docket No. 
ELAN-01240US1), each of Which is incorporated herein by 
reference. 

FIELD OF INVENTION 

[0002] The present invention relates to ampli?ers, methods 
for use thereWith, and circuits that include ampli?ers. 

BACKGROUND 

[0003] FIG. 1 illustrates a conventional instrumentation 
ampli?er 102 that includes buffered operational ampli?ers 
OPl and 0P2 (also referred to as input buffers), and a differ 
ential operational ampli?er 0P3. The input buffers OPl and 
0P2 provide a high input impedance, and eliminate the need 
for input impedance matching, thereby making the instru 
mentation ampli?er 102 very useful for measurement and test 
equipment. For example, the instrumentation ampli?er 102 is 
very useful for measuring the output of a sensor, such as, but 
not limited to, a strain gauge, photo detector, thermistor, 
thermocouple, temperature sensor, level sensor, current sen 
sor, biometric sensor and Hall effect sensor. More generally, 
an instrumentation ampli?er is useful for amplifying a rela 
tively small differential signal that is superimposed on a rela 
tively large common mode signal (e.g., a DC signal). This is 
because an instrumentation ampli?er ampli?es the difference 
betWeen its tWo inputs (V 1 and V2) While rejecting the signal 
that is common to the tWo inputs, to thereby produce its output 
(Vout). 
[0004] Each operational ampli?er of the instrumentation 
ampli?er 102 can be implemented as a multi-path ampli?er 
(sometimes referred to as a “feed-forward” ampli?er), that 
includes separate loW and high frequency feed-forWard paths. 
Exemplary multi-path ampli?ers 212B and 212C are shoWn 
in FIGS. 2B and 2C, respectively. Referring ?rst to FIG. 2A, 
the multi-path ampli?er 212A is generally shoWn as having a 
loW frequency path including at least transconductance stages 
Gms, Gmi and Gmout, and a high frequency path including 
transconductance stage Gmf. Each transconductor stage (e.g., 
Gms, Gmi, Gmout and Gmf) can also be referred to simply as 
a transconductor. The capacitors Ccs and Ccf provide for 
parallel integration paths for loW and high frequency. 
[0005] Each of the transconductance stages in FIG. 2 is 
assumed to have a very high (but ?nite) output impedance. 
The unity gain frequency for the loW frequency path is pro 
portional to Gms/Ccs. The unity gain frequency for the high 
frequency path is proportional to Gmf/Ccf. Setting Gms/ 
Ccs:Gmf/CcfalloWs for a clean 20 dB/ decade roll-off for the 
overall open loop transfer, Which is a very desirable charac 
teristic for the ampli?er. FIG. 2B illustrates a speci?c imple 
mentation of a multi-path ampli?er 212B. The multi-path 
ampli?er 212B can be referred to as “3-stage multi-path” 
ampli?er, because there are three transconductance stages in 
the loW frequency path, and there are multiple paths betWeen 
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the input and output of the ampli?er 212B. FIG. 2C illustrates 
an exemplary 4-stage multi-path ampli?er 212C. Depending 
on implementation, additional transconductance stages can 
be added, as can choppers, ?lters, etc. 
[0006] In multi-path ampli?ers, such as those in FIGS. 2A, 
2B and 2C (but not limited thereto), the transconductances 
Gms and Gmf (of the differential input transconductance 
stages of the loW and high frequency paths) are convention 
ally set such that they are equal in order to give a ?at voltage 
noise response over frequency up to the bandWidth of the 
ampli?er. Here it is assumed that the loW frequency (e.g. 1/f) 
noise is negligible, this can be achieved using circuit tech 
niques such as chopping. Stated another Way, GmsIGmf. 
Further, the capacitors Ccs and Ccf are conventionally set 
such that they are equal, i.e., CcsICcf. This also results in 
Gms/CcsIGmf/Ccf. 
[0007] FIG. 3 illustrates the ?at noise spectral density 
response of a conventional instrumentation ampli?er (e.g., 
102 in FIG. 1) that is implemented using multi-path ampli? 
ers (e.g., 212A, 212B or 212C in FIGS. 2A, 2B and 2C) 
having the conventional transconductance and capacitor val 
ues just described above. Here it is assumed that the loW 
frequency (e. g. l/f) noise is negligible, Which can be achieved 
using circuit techniques such as chopping. Additionally, an 
in?nite bandWidth is assumed, and only the ideal White noise 
pro?le of the ampli?er is represented. 
[0008] While the ?at frequency response shoWn in FIG. 3 is 
sometimes desirable, other responses may be acceptable or 
desirable, depending on the application. Further, depending 
on the application and/or the larger circuit in Which an instru 
mentation ampli?er is incorporated, it may be desirable to 
reduce the current and poWer draWn by an instrumentation 
ampli?er. For example, Where an instrumentation ampli?er is 
incorporated into a portable device that draWs current and 
poWer from a battery, it Would be bene?cial to reduce the 
current and poWer draWn from the battery, to thereby increase 
the time betWeen battery charges or replacement. 

SUMMARY 

[0009] A circuit of an embodiment of the present invention 
includes an instrumentation ampli?er including a pair of buff 
ered operational ampli?ers that accept a pair of input signals, 
and a differential operational ampli?er that outputs an output 
signal indicative of a difference betWeen the pair of input 
signals. Additionally, the circuit includes a loW pass ?lter 
con?gured to provide band limiting of the output signal. Each 
of the buffered operational ampli?ers and the differential 
operational ampli?er are implemented as a multi-path ampli 
?er that includes a loW frequency path and a high frequency 
path betWeen an input and an output of the operational ampli 
?er. Further, each of the multi-path ampli?ers includes a 
differential input transconductance stage Within the loW fre 
quency path and a differential input transconductance stage 
Within the high frequency path. Within each of the multi-path 
ampli?ers, the differential input transconductance stage of 
the high frequency path is noisier than, but consumes less 
poWer than, the differential input transconductance stage of 
the loW frequency path. In accordance With an embodiment, 
each of the multi-path ampli?ers provides noise shaping that 
results in an increase in output noise above a crossover fre 
quency of the multi-path ampli?er, Wherein the crossover 
frequency is dependent on the relative open loop gain of the 
loW frequency path of the multi-path ampli?er compared to 
the open loop gain of the high frequency path. At frequencies 
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below the crossover frequency, the open loop gain of the loW 
frequency path is higher, and thus the noise from the loW 
frequency path dominates the output noise. At frequencies 
above the crossover frequency the open loop gain of the high 
frequency path is higher, and thus the noise from the high 
frequency path dominates the output noise. 
[0010] In accordance With an embodiment, the circuit also 
includes sWitches con?gured to selectively disable the band 
limiting provided by the loW pass ?lter and the noise shaping 
provided by the multi-path ampli?ers, to thereby provide a 
?at frequency response for the output signal. Such sWitches 
can be controlled by a sWitch controller, in an embodiment. 
Less current and poWer is draWn When the circuit provides 
noise shaping and band limiting, as compared to When the 
circuit provides a ?at frequency response for the output sig 
nal. 
[0011] In accordance With an embodiment, the band limit 
ing provided by the loW pass ?lter ?lters out noise above a 
frequency of interest so that at least a majority of noise gen 
erated by the differential input transconductance stage of the 
high frequency path is ?ltered out. For example, the loW pass 
?lter can include capacitors that de?ne an RC pole that speci 
?es a loW pass cutoff frequency. In an embodiment, the RC 
pole is equal to a crossover frequency de?ned in part by the 
transconductances of the multi-path ampli?ers. In another 
embodiment, the RC pole is less than a crossover frequency 
de?ned in part by the transconductances of the multi-path 
ampli?ers. In still another embodiment, the RC pole is greater 
than a crossover frequency de?ned in part by the transcon 
ductances of the multi-path ampli?ers. More generally, the 
loW pass ?lter can specify that its cutoff frequency is equal to, 
less than or greater than the crossover frequency. 
[0012] An embodiment of the present invention is also 
direct to a method for performing noise shaping and band 
limiting, Where the method is for use With an instrumentation 
ampli?er including a pair of buffered operational ampli?ers 
that accept a pair of input signals, and a differential opera 
tional ampli?er that outputs an output signal indicative of a 
difference betWeen the pair of input signals. Noise shaping is 
performed Within each of the operational ampli?ers, Which 
results in an increase in noise above a crossover frequency. 
Additionally, passive band limiting of the output signal is 
performed to thereby ?lter out noise above a cutoff frequency. 
Less current and poWer is draWn When such noise shaping and 
band limiting at is performed, as compared to When the circuit 
provides a ?at frequency response for the output signal. 
Depending on the implementation and desired response, the 
cutoff frequency can be equal to, less than, or greater than, the 
crossover frequency. In accordance With an embodiment, the 
noise shaping and the band limiting can be selectively dis 
abled, e.g., using sWitches, to thereby selectively provide a 
?at frequency response for the output signal. 
[0013] Further embodiments, and the features, aspects, and 
advantages of the present invention Will become more appar 
ent from the detailed description set forth beloW, the draWings 
and the claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0014] FIG. 1 illustrates a conventional “three ampli?er” 
instrumentation ampli?er including three operational ampli 
?ers, tWo of Which are connected as buffered operational 
ampli?ers, and one of Which is connected as a differential 
operational ampli?er. 
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[0015] FIG. 2A illustrates a general case of a multi path 
operational ampli?er, and FIGS. 2B and 2C illustrate tWo 
different exemplary multi-path ampli?er con?gurations, each 
of Which can be used to implement all three of the operational 
ampli?ers shoWn in FIG. 1. 
[0016] FIG. 3 illustrates a ?at output voltage noise spectral 
density response obtained by the conventional instrumenta 
tion ampli?er of FIG. 1, implemented using one of the exem 
plary multi-path ampli?ers in FIGS. 2B and 2C With conven 
tional transconductance and capacitor values. Ideal 
operational ampli?ers With in?nite bandWidth are assumed 
for the purpose of this illustration. It is also assumed that the 
loW frequency (e.g. l/f) noise is negligible, Which can be 
achieved using circuit techniques such as chopping. 
[0017] FIG. 4 illustrates an instrumentation ampli?er, that 
includes passive loW pass ?ltering, in accordance With an 
exemplary speci?c embodiment of the present invention. 
[0018] FIG. 5 illustrates the output noise spectral density 
response obtained by the instrumentation ampli?er With pas 
sive loW pass ?ltering of FIG. 4, Where conventional transcon 
ductance and capacitor values are used. 
[0019] FIG. 6A illustrates a general case of a multi path 
operational ampli?er With transconductance and capacitor 
values selected to provide noise shaping, in accordance With 
an embodiment of the present invention. 
[0020] FIGS. 6B and 6C illustrate tWo different exemplary 
multi-path ampli?er con?gurations With transconductance 
and capacitor values selected to provide noise shaping, in 
accordance With an embodiment of the present invention. 
[0021] FIG. 7 illustrates a noise spectral density response 
obtained by an instrumentation ampli?er resembling that of 
FIG. 1, implemented using one of the exemplary multi-path 
ampli?ers in FIGS. 6A, 6B and 6C With transconductance and 
capacitor values selected to provide noise shaping, in accor 
dance With an embodiment of the present invention. 
[0022] FIG. 8 illustrates hoW the noise shaping explained 
With reference to FIGS. 6A, 6B and 6C can be combined With 
the passive loW pass ?ltering explained With reference to FIG. 
4, to provide an instrumentation ampli?er With improved 
noise versus poWer tradeoff, in accordance With an embodi 
ment of the present invention. 
[0023] FIGS. 9A and 9B are used to illustrate an instrumen 
tation ampli?er that can be selectively sWitched betWeen hav 
ing the ?at response of FIG. 3 and a noise shaping and band 
limiting response, e.g., the response (c) of FIG. 8, in accor 
dance With an embodiment of the present invention. 
[0024] FIG. 10 is a high level How diagram ofa method for 
performing noise shaping and band limiting, in accordance 
With an embodiment of the present invention. 

DETAILED DESCRIPTION 

[0025] FIG. 4 illustrates an instrumentation ampli?er 402, 
that include passive loW pass ?ltering (also referred to as 
passive band limiting), in accordance With an embodiment of 
the present invention. The instrumentation ampli?er 402 
resembles the instrumentation ampli?er 102 of FIG. 1, but 
With capacitors Cp added in parallel With the resistors R3. 
Each operational ampli?er of the instrumentation ampli?er 
402 can be a multi-path ampli?er (examples of Which Were 
discussed With reference to FIGS. 2A, 2B and 2C), Where 
GmsIGmf and CcsICcf. The added capacitors Cp cause band 
limiting (and more speci?cally, loW pass ?ltering) of the 
output of the instrumentation ampli?er, as can be appreciated 
from the resulting noise spectral density response shoWn in 
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FIG. 5. Because the capacitors Cp are passive devices, the 
band limiting is passive band limiting. The RC pole fre 
quency, illustrated by a dashed line in FIG. 5, equals 
1/ (R3*Cp) radians. The instrumentation ampli?er 402 can be 
especially useful Where frequencies below a speci?ed fre 
quency (de?ned by the RC pole) are the frequencies of inter 
est. The adding of the capacitors Cp is only one exemplary 
Way that an RC pole can be provided to add passive band 
limiting of the output of the instrumentation ampli?er. More 
generally, a loW pass ?lter is added, Which is con?gured to 
loW pass ?lter the output of the instrumentation ampli?er. 
One of ordinary skill in the art Would appreciate from this 
description that there are numerous alternative ways to imple 
ment such a loW pass ?lter that are also Within the scope of the 
present invention. For example, it is also Within the scope of 
the present invention that the loW pass ?lter be implemented 
Within the differential operational ampli?er 0P3. 
[0026] Further, it is noted that the differential operational 
ampli?er 0P3 could have a differential output (i.e., a pair of 
output terminals), instead of a single ended output. In that 
cause, the output signal of the instrumentation ampli?er 
Would be a differential output signal. Further, in that case, 
e.g., the resistor R3 and the capacitor Cp that are shoWn in 
FIG. 4 as being connected betWeen the non-inverting (+) 
input of the differential operational ampli?er 0P3 and 
ground, could instead be connected betWeen the non-invert 
ing (+) input of the differential operational ampli?er 0P3 and 
the further output terminal of the differential operational 
ampli?er 0P3. 
[0027] In accordance With an embodiment of the present 
invention, each operational ampli?er (i.e., Op1, Op2 and 
Op3) of the instrumentation ampli?er 402 is a multi-path 
ampli?er that provides noise shaping, such that noise 
increases above a speci?ed frequency. FIGS. 6A, 6B and 6C 
illustrate different exemplary multi-path ampli?er con?gura 
tions 612A, 612B and 612C, respectively, With transconduc 
tance and capacitor values selected to provide noise shaping, 
in accordance With an embodiment of the present invention. 
In these con?gurations, GmfIGms/N and CcfICcs/N, Where 
N>1. Preferably N is at least 5, but can be signi?cantly 
greater. Note that the Ccf is reduced by the same amount (e.g., 
N) as Gmf, so that time constants of integrations performed 
by the loW and high frequency paths remain the same. More 
generally, the ratio Gmf/Ccf should remain equal to the ratio 
Gms/Gmc, to provide the same integration time constants, 
Which provides a smooth roll-off at the crossover frequency 
for the overall ampli?er. 
[0028] The input referred voltage noise of a transconduc 
tance stage is roughly~ 

Gm 

Thus, if GmfIGms/N, then When referred to the output the 

voltage noise produced by GmfWill be ~\/N greater than the 
noise produced by Gms. For example, if N:9, then 
GmfIGms/9, and the noise generated by Gmf Will be ~3 
times greater than the noise generated by Gms. Thus, in this 
example, if the noise generated by Gmsq, then the noise 

generated by Gmf~3*x, or more generally, ~ N*x. Such an 
output voltage noise spectral density response is shoWn in 
FIG. 7. More speci?cally, FIG. 7 illustrates a noise spectral 
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density response obtained by an instrumentation ampli?er 
resembling that of FIG. 1, implemented using one of the 
exemplary multi-path ampli?ers in FIGS. 6A, 6B and 6C With 
transconductance and capacitor values selected to provide 
noise shaping, in accordance With an embodiment of the 
present invention. The crossover frequency, illustrated by a 
dashed line in FIG. 7, is dependent on the relative open loop 
gain of the loW frequency path of the multi-path ampli?er 
compared to the open loop gain of the high frequency path. At 
frequencies beloW the crossover frequency, the open loop 
gain of the loW frequency path is higher, and thus the noise 
from the loW frequency path dominates the output noise. At 
frequencies above the crossover frequency the open loop gain 
of the high frequency path is higher, and this the noise from 
the high frequency path dominates the output noise. 
[0029] Because Gmf is N times smaller than Gmc, and Ccf 
is N times smaller than Ccs, the high frequency path of each 
of the multi-path ampli?er con?gurations 612A, 612B and 
612C Will draW less current and thus consume less poWer (a 
factor of approximately N less poWer for a bipolar or sub 
threshold MOSFET transconductance) than the loW fre 
quency paths. This is illustrative of a noise versus poWer 
consumption trade-off. As Will be described beloW, an 
embodiment of the present invention takes advantage of this 
noise versus poWer consumption trade-off. 
[0030] As indicated in FIGS. 6A, 6B and 6C, the transcon 
ductance of Gmf is a factor of N smaller than the transcon 
ductance of Gms. This can be accomplished by a simple 
rationing of the bias currents to the tWo transconductors Gmf 
and Gms, but is not limited thereto. 
[0031] FIG. 8 Will noW be used to explain hoW the noise 
shaping explained With reference to FIGS. 6A, 6B and 6C can 
be combined With the passive loW pass ?ltering explained 
With reference to FIG. 4, to provide an instrumentation ampli 
?er With improved output voltage noise versus poWer 
tradeoff, in accordance With an embodiment of the present 
invention. More speci?cally, by making the transconductance 
of Gmf N times smaller than the transconductance of Gmc, 
and making the capacitance of Ccf N times smaller than the 
capacitance of Ccs, the high frequency paths of the multi-path 
ampli?ers 402 (used to implement Op1, Op2 and Op3) in 
FIG. 4, Will draW less current and thus consume less poWer 
than the loW frequency paths, but Will produce more noise as 
can be appreciated from the noise spectral response (a) shoWn 
in FIG. 8. This increase in noise at frequencies above the 
crossover frequency is acceptable, since a loW pass ?lter (e. g., 
including the capacitors Cp in FIG. 4) is used to ?lter out 
frequencies above a loW pass cutoff frequency. More speci? 
cally, by setting the cutoff frequency (e.g., an RC pole fre 
quency) to be equal to (or loWer than) the crossover fre 
quency, the noise spectral frequency response shoWn in (c) of 
FIG. 8 is achieved. 

[0032] The crossover frequency, as the term is used herein, 
is the frequency beloW Which the noise of the loW frequency 
path of a multi-path ampli?er dominates the input referred 
noise, and above Which the noise of the high frequency path of 
the multi-path ampli?er dominates the input referred noise. In 
graph (c) of FIG. 8, the RC pole frequency is shoWn as being 
set such that it is the same as the crossover frequency. HoW 
ever, as mentioned above, it is also Within the scope of the 
present invention for the RC pole to be set such that it is beloW 
the crossover frequency. This can advantageously alloW the 
signal to noise ratio of an instrumentation ampli?er to be 
improved Where only extremely loW frequency signals (e. g., 
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signals having a frequency of 2 kHZ or lower) need to be 
processed by the instrumentation ampli?er. 
[0033] Conversely, if the signals to be processed by the 
instrumentation ampli?er are comparable to the crossover 
frequency (e.g., if the signal being processed has signal con 
tent at frequencies greater than half of the crossover fre 
quency), then the RC pole can be extended beyond the cross 
over frequency (i.e., the RC pole frequency can be greater 
than the crossover frequency). While this can result in a bump 
in the noise spectrum, as shoWn in (d) of FIG. 8, the overall 
signal to noise ratio can be improved. Accordingly, it is also 
Within the scope of the present invention for the RC pole to be 
set such that it is above the crossover frequency. Alternative 
con?gurations for setting the loW pass cutoff frequency are 
also Within the scope of the present invention, as mentioned 
above. 
[0034] FIGS. 9A and 9B are used to illustrate an instrumen 
tation ampli?er 902 that can be selectively sWitched betWeen 
having the ?at response of FIG. 3 and a noise shaping and 
band limiting response, e.g., the response (c) of FIG. 8. FIG. 
9B illustrates an exemplary multi-path ampli?er that can be 
used to implement each of operational ampli?ers (i.e., Op1, 
Op2 and Op3) in FIG. 9A, but embodiments of the present 
invention should not be limited to only these speci?c con?gu 
rations. When the sWitches S1 are open (in FIG. 9A) and the 
sWitches S2 and S3 (in FIG. 9B) are closed, the instrumenta 
tion ampli?er 902 Will be con?gured to have the same con 
?guration as instrumentation ampli?er 102 (in FIG. 1), With 
each of the three operational ampli?ers con?gures as the 
multi-path ampli?er 212B (in FIG. 2B), resulting in a ?at 
noise spectral density response resembling FIG. 3. When the 
sWitches S1 are closed (in FIG. 9A) and the sWitches S2 and 
S3 (in FIG. 9B) are opened, the instrumentation ampli?er 902 
Will be con?gured as the instrumentation ampli?er 402 (in 
FIG. 4), With each of the three operational ampli?ers con?g 
ured as the multi-path ampli?er 612B (in FIG. 6B), resulting 
in noise shaping and band limiting, e.g., the frequency 
response (c) of FIG. 8. This enables a user to select betWeen 
a ?at frequency response (resembling FIG. 3) and a noise 
shaping and band limited frequency response (e.g., resem 
bling (c) of FIG. 8) that consumes less poWer, depending upon 
the needs of the user. 

[0035] A controller 920, Which can be used to control the 
sWitches S1, S2 and S3, can be implemented, e.g., using logic, 
a processor, and/or a state machine. In an embodiment, the 
sWitches S1, S2 and S3 can be controlled by connecting a pin 
of an integrated circuit (implementing an embodiment of the 
present invention) to either a high or loW voltage rail. The 
connecting of such a pin to either a high or loW voltage rail can 
be a one time connection, or the connection can be changed 
(e.g., by a processor, through programming, or manually). 
[0036] The sWitches S1, S2 and S3 can be implemented, 
e.g., using transistors. For example, the sWitches S1 can be 
implemented by N-channel transistors, and the sWitches S2 
and S3 can be implemented by P-channel transistors, so that 
When a pin controlling the sWitches is loW, the instrumenta 
tion ampli?er 902 Will have a ?at response, and When the pin 
controlling the sWitches is high, the instrumentation ampli?er 
902 Will have the frequency response (c) of FIG. 8. Numerous 
other con?gures are possible, and Within the scope of the 
present invention. 
[0037] An instrumentation ampli?er that includes band 
pass limiting and noise-shaping, in accordance With an 
embodiment of the present invention, can be used to provide 
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the same output noise Within the frequency band of interest as 
a conventional instrumentation ampli?er, but With signi?cant 
current and poWer savings in the input transconductance. This 
input transconductance Will often consume a large proportion 
of the overall poWer in a loW noise design. Additionally, 
Within the frequency band of interest, DC gain and sleW 
capability are maintained. Thus, embodiments of the present 
invention can be used to provide signi?cant improvement in 
noise versus poWer tradeoff for an instrumentation ampli?er. 

[0038] The use of alternative multi-path ampli?ers (i.e., 
other than the ones shoWn in the FIGS.) are also Within the 
scope of the present invention. For example, additional 
transconductance stages can be added. For other examples, 
one or more choppers can be added Within the loW frequency 
path of each multi-path ampli?er to provide chopper stabili 
Zation, and/or a ?lter (e.g., a continuous time notch ?lter) can 
be added Within each loW frequency path, as disclosed in US. 
patent application Ser. No. 12/ 144,384, entitled “Chopper 
StabiliZed Ampli?ers” (Luff), ?led Jun. 23, 2008, Which is 
incorporated herein by reference. 
[0039] In some embodiments, the instrumentation ampli? 
ers of embodiments of the present invention can be imple 
mented using discrete circuitry, e. g., discrete operational 
ampli?ers, resistors, capacitors, and the like. In other embodi 
ments, the instrumentation ampli?ers of embodiments of the 
present invention can be implemented as integrated circuits, 
Which may or may not be part of larger integrated circuits. 

[0040] FIG. 10 is a high level How diagram ofa method for 
performing noise shaping and band limiting, in accordance 
With an embodiment of the present invention. This method is 
for use With an instrumentation ampli?er including a pair of 
buffered operational ampli?ers (e.g., 0P1 and 0P2 in FIG. 4) 
that accept a pair of input signals V1 andV2, and a differential 
operational ampli?er (e.g., 0P3 in FIG. 4) that outputs an 
output signal Vout indicative of a difference betWeen the pair 
ofinput signals V1 andV2. Referring to FIG. 10, at step 1002, 
noise shaping is performed Within each of the operational 
ampli?ers (e.g., 0P1, 0P2 and 0P3 in FIG. 4), Which results 
in an increase in noise above a crossover frequency. As Was 
explain above, such noise shaping can be performed by 
appropriate ratioing of input transconductance stages (e.g., 
Gms and Gmf) Within the operations ampli?ers implemented 
as multi-path ampli?ers, and appropriate ratioing of capaci 
tors (e.g., Ccs and Ccf) Within the multi-path ampli?ers. As 
indicated at step 1004, passive band limiting of the output 
signal Vout is performed (e. g., using capacitors Cp in FIG. 4) 
to thereby ?lter out noise above a cutoff frequency. For the 
reasons explain above, less current and poWer is draWn When 
such noise shaping and band limiting is performed, as com 
pared to When the circuit provides a ?at frequency response 
for the output signal Vout. 
[0041] As Was explained above, in accordance With an 
embodiment, the cutoff frequency in step 1004 is equal to the 
crossover frequency in step 1002. In another embodiment, 
cutoff frequency in step 1004 is less than the crossover fre 
quency in step 1002. In still another embodiment, the cutoff 
frequency in step 1004 is greater than the crossover frequency 
in step 1002. 
[0042] In accordance With an embodiment, the noise shap 
ing in step 1002 and the band limiting in step 1004 can be 
selectively disabled, e.g., using sWitches, to thereby selec 
tively provide a ?at frequency response for the output signal 
Vout, as indicated at step 1006. 
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[0043] Embodiments of the present invention have been 
described above With the aid of functional building blocks 
illustrating the performance of speci?ed functions and rela 
tionships thereof. The boundaries of these functional building 
blocks have often been arbitrarily de?ned herein for the con 
venience of the description. Alternate boundaries can be 
de?ned so long as the speci?ed functions and relationships 
thereof are appropriately performed. Any such alternate 
boundaries are thus Within the scope and spirit of the inven 
tion. 
[0044] The forgoing description is of the preferred embodi 
ments of the present invention. These embodiments have been 
provided for the purposes of illustration and description, but 
are not intended to be exhaustive or to limit the invention to 
the precise forms disclosed. Many modi?cations and varia 
tions Will be apparent to a practitioner skilled in the art, and 
are Within the scope of the present invention. 
[0045] Embodiments Were chosen and described in order to 
best describe the principles of the invention and its practical 
application, thereby enabling others skilled in the art to 
understand the invention. It is intended that the scope of the 
invention be de?ned by the folloWing claims and their equiva 
lents. 

1. A circuit, comprising: 
an instrumentation ampli?er including a pair of buffered 

operational ampli?ers that accept a pair of input signals, 
and a differential operational ampli?er that outputs an 
output signal indicative of a difference betWeen the pair 
of input signals; and 

a loW pass ?lter con?gured to provide band limiting of the 
output signal; 

Wherein each of the buffered operational ampli?ers and the 
differential operational ampli?er are implemented as a 
multi-path ampli?er that includes a loW frequency path 
and a high frequency path betWeen an input and an 
output of the operational ampli?er; 

Wherein each of the multi-path ampli?ers includes a dif 
ferential input transconductance stage Within the loW 
frequency path and a differential input transconductance 
stage Within the high frequency path; and 

Wherein, Within each of the multi-path ampli?ers, the dif 
ferential input transconductance stage of the high fre 
quency path is noisier than, but consumes less poWer 
than, the differential input transconductance stage of the 
loW frequency path. 

2. The circuit of claim 1, each of the multi-path ampli?ers 
is con?gured to provide noise shaping that results in an 
increase in noise above a crossover frequency of the multi 
path ampli?er. 

3. The circuit of claim 2, further comprising sWitches con 
?gured to selectively disable the band limiting provided by 
the loW pass ?lter and the noise shaping provided by the 
multi-path ampli?ers, to thereby selectively provide a ?at 
frequency response for the output signal. 

4. The circuit of claim 3, further comprising a controller 
con?gured to control the sWitches. 

5. The circuit of claim 3, Wherein less current and poWer is 
draWn When the circuit provides noise shaping and band 
limiting, as compared to When the circuit provides a ?at 
frequency response for the output signal. 

6. The circuit of claim 1, Wherein the band limiting pro 
vided by the loW pass ?lter ?lters out noise above a frequency 
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of interest so that at least a majority of noise generated by the 
differential input transconductance stage of the high fre 
quency path is ?ltered out. 

7. The circuit of claim 1, Wherein the output signal com 
prises a differential output signal. 

8. The circuit of claim 1, Wherein one or more passive 
components of the loW pass ?lter speci?es the loW pass cutoff 
frequency as being equal to a crossover frequency de?ned in 
part by the transconductances of the multi-path ampli?ers. 

9. The circuit of claim 1, Wherein one or more passive 
components of the loW pass ?lter speci?es the loW pass cutoff 
frequency as being less than a crossover frequency de?ned in 
part by the transconductances of the multi-path ampli?ers. 

10. The circuit of claim 1, Wherein one or more passive 
components of the loW pass ?lter speci?es the loW pass cutoff 
frequency as being greater than a crossover frequency de?ned 
in part by the transconductances of the multi-path ampli?ers. 

11. A method for use With an instrumentation ampli?er 
including a pair of buffered operational ampli?ers that accept 
a pair of input signals, and a differential operational ampli?er 
that outputs an output signal indicative of a difference 
betWeen the pair of input signals, the method comprising: 

(a) performing noise shaping Within each of the operational 
ampli?ers of the instrumentation ampli?er, Which 
results in an increase in noise above a crossover fre 
quency; and 

(b) performing passive band limiting of the output signal to 
thereby ?lter out noise above a cutoff frequency. 

12. The method of claim 11, Wherein the cutoff frequency 
in step (b) is equal to the crossover frequency in step (a). 

13. The method of claim 11, Wherein the cutoff frequency 
in step (b) is less than the crossover frequency in step (a). 

14. The method of claim 11, Wherein the cutoff frequency 
in step (b) is greater than the crossover frequency in step (a). 

15. The method of claim 11, further comprising: 
(c) selectively disabling the noise shaping in step (a) and 

the band limiting in step (b) to thereby provide a ?at 
frequency response for the output signal. 

16. The method of claim 15, Wherein less current and 
poWer is draWn When noise shaping and band limiting are 
performed at steps (a) and (b), as compared to When the ?at 
frequency response for the output signal is selectively pro 
vided at step (c). 

17. A circuit, comprising: 
a ?rst operational ampli?er con?gured as a buffer, and 

including an input that accepts a ?rst input signal and 
including an output; 

a second operational ampli?er con?gured as a buffer, and 
including an input that accepts a second input signal and 
including an output; 

a third operational ampli?er con?gured as differential 
ampli?er and including an inverting input, a non-invert 
ing input, and an output; 

a ?rst resistor connecting the output of the ?rst operational 
ampli?er to the inverting input of the third operational 
ampli?er; 

a second resistor connecting the output of the second 
operational ampli?er to the non-inverting input of the 
third operational ampli?er; and 

a loW pass ?lter con?gured to band limit an output signal, 
indicative of a difference betWeen the pair of input sig 
nals, provided at the output of the third operational 
ampli?er; 
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wherein each of the ?rst, second and third operational 
ampli?ers comprises a multi-path ampli?er including a 
loW frequency path and a high frequency path, With the 
loW frequency path including an input transconductance 
stage (Gms) and the high frequency path including an 
input transconductance stage (Gmf), and With capacitors 
(Ccs and Ccf) that provide parallel integration paths for 
the loW and high frequency paths; and 

Wherein GmfIGms/N and CcsICcf/N, Where N>l. 

18. The circuit of claim 17, Wherein noise shaping occurs 
Within each of the multi-path operational ampli?ers because 
GmfIGms/N and CcsICcf/N, Where N>l. 
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19. The circuit of claim 18, Wherein the band limiting ?lters 
out frequencies beloW a loW pass cutoff frequency, and the 
noise shaping causes an increase in noise Within the opera 
tional ampli?ers above a crossover frequency. 

20. The circuit of claim 19, Wherein the cutoff frequency is 
equal to the crossover frequency. 

21. The circuit of claim 19, Wherein the cutoff frequency is 
less than the crossover frequency. 

22. The circuit of claim 19, Wherein the cutoff frequency is 
greater than the crossover frequency. 

23. The circuit of claim 19, Wherein the output signal 
comprises a differential output signal. 

* * * * * 


