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4. Operational Amplifiers (OPA) > Fundamentals

Linear Voltage Amplifier
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= Alinear voltage amplifier is defined as a two-port device delivering an output

voltage V, = A, - V; that is proportional to the input voltage V; where A4, is the
open-circuit voltage gain

= |t can be modelled by a voltage-controlled voltage source (VCVS) along with an
output series resistance R,

= The input port usually plays a purely passive role and is simply modeled by an
input resistance R;

= Loading is undesirable because it lowers the overall gain and makes it dependent

on the particular input source and output load
S. Franco, Design with Operational Amplifiers and Analog Integrated Circuits, 4" ed., Mc Graw-Hill, 2015.
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4. Operational Amplifiers (OPA) > Fundamentals

Linear Current Amplifier
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= Alinear current amplifier is defined as a two-port device delivering an output
current I, = Ag - I; that is proportional to the input current I; where A, is the
short-circuit current gain

= |t can be modelled by a current controlled current source (CCCS) along with an
output parallel resistance R,

= To eliminate loading, an ideal current amplifier has R; = 0 and R, = oo, exactly
the opposite of the ideal voltage amplifier

S. Franco, Design with Operational Amplifiers and Analog Integrated Circuits, 4" ed., Mc Graw-Hill, 2015.

E P . I © C. Enz | 2021 Smart Sensors for the loT Slide 3 m




4. Operational Amplifiers (OPA) > Fundamentals

Linear Transconductance and Transresistance Amplifiers
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= An amplifier whose inputis a voltage = An amplifier whose input is a current I;

V; and whose outputis a current I, is and whose output is a voltage V, is
called a transconductance amplifier called a transresistance amplifier
= The dependent source is a voltage = |tis modelled by a current-controlled
controlled current source (VCCS) of voltage source (CCVS) of value R,,,
value G, = |deally, such an amplifierhas R; = 0
= To avoid loading, an ideal and R, = 0, the opposite of the
transconductance amplifier has R; = transconductance amplifier

coand R, = o
S. Franco, Design with Operational Amplifiers and Analog Integrated Circuits, 4" ed., Mc Graw-Hill, 2015.
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4. Operational Amplifiers (OPA) > Fundamentals

The Ideal OPAMP

\ Z

= The ideal OPAMP has infinite input impedance R;, zero output impedance R, and
infinite open-loop gain A

= Since the gain is infinite, the differential input voltage V;; is zero whatever the
value of the output voltage V,

= Since the positive input is often connected to ground, the negative input is often

called a virtual ground
S. Franco, Design with Operational Amplifiers and Analog Integrated Circuits, 4" ed., Mc Graw-Hill, 2015.
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4. Operational Amplifiers (OPA) > Fundamentals

Basic Feedback Concept

+
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= The closed-loop gain is given by

Vo__4A4 _1 pA _1 T 1
Vi 14B-A B 1+B-A B 1+T B
= whereT = [ - Aistheloop-gainand 1+ T = 1 + [ - A the feedback factor

= Usually the feedback network is implemented by a passive network with a well-
controlled feedback gain 8

= On the other hand the forward gain A is not well-controlled. However if the loop-
gain is much larger than 1, the closed-loop gain only depends on the well-
controlled feedback gain
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4. Operational Amplifiers (OPA) > Fundamentals

Effect of Feedback on Noise

Linear
Noise-less V
amplifier n

v Ve=—V,==pV,

a

A Vo V,=AV,=—A4-B-V,
Vo=V, +V,=V,—4-B-V,

= Assume there is no input (V; = 0) and the noisy linear amplifier is modeled by a
noiseless amplifier with additive noise 1}, at the output

= The noise at the output is then given by

'~ Va ,
v, = A= pa LV, forf-A>1

= The amplifier output noise is reduced by the feedback factor 1 + B - A or the
loop-gain B - AforB-A > 1
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4. Operational Amplifiers (OPA) > Fundamentals

Effect of Feedback on Distortion

Distortion
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= The nonlinearity of the amplifier (e.g. saturation characteristic) can be modelled to
the first order by a linear amplifier to which the harmonics are added at the output

= The output voltage is then given by the sum of the fundamental component and
the harmonics as

A 1
V — . V -+ . V
°T1+p-A ' 1+p-4 ¢
Fundamental harmonics

= The first term corresponds to the linear signal whereas the second term represents
the distortion at the output

= The distortion components are reduced by the feedback factor 1 + 8 - A
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4. Operational Amplifiers (OPA) > Basic OPAMPs Configurations

The Non-inverting Amplifier

Ry Ir1 Rz Ir2
- 1=0 ~
o——1+
V lVo
2 2

= The output voltage is given by V, —A- Vig=A4A- _(Vl- — Ry - Ipq)
= Since for the ideal OPAMP the input current can be considered as null Iz; = I,

= The output voltage is also given by I, = (R, + R,) - I, from which we deduce
Ir; =V, /(Ry + R,). The output voltage then writes

v=A-(V,— ! V=V -1+ 4K =A-V,
R, + R, R, + R,

= The voltage gain is then given by

v 14+R, /R4 R, R,
A, £=2= 2 =1+=for A>1+-=
vV Ty, 1+1+RA¢ + R, 0 »> 1+ R,

The voltage gain is set by the ratio of resistances R, to R, and hence independent
of the OPAMP gain
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4. Operational Amplifiers (OPA) > Basic OPAMPs Configurations

The Nullor — A Circuit Theory Equivalent Circuit
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= |n 1954, Tellegen introduced the concept of a universal active network element
under the name of “ideal amplifier”, but the name “nullor,” generally accepted now,
was given to it by Carlin in 1964

= The nullor is defined as a two-port network element whose ports are called input
and output ports and whose input voltage V; and input current I; are both zero

= The output voltage 1/, and the output current I, will be determined by the passive
network elements in such a way that the input requirements V; = 0and I; = 0
are both satisfied

J. Huijsing, Operational Amplifiers - Theory and Design, 3 ed., Springer, 2017.
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4. Operational Amplifiers (OPA) > Basic OPAMPs Configurations

The Non-inverting Amplifier — Ideal OPAMP

= Derivation is simplified when assuming an ideal OPAMP with infinite gain

= Inthis case V;; = 0 and I_ = 0 and we can write Vg, = V; = Ry - Iz from
which we get the current flowingin Ry and R, Ip; = V; /R,

= The output voltage is givenby V, = R, - Ip; + V; = (R,/Ry + 1) - V;
= The voltage gain is then simply given by

which is identical to the previous result assuming A > 1 + R, /R,
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4. Operational Amplifiers (OPA) > Basic OPAMPs Configurations

The Voltage Follower

Rs Rs >
o——+ : Vsl R lVL Vsl R%lm
V‘l l Vo | | | L
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= Letting R; — oo and R, = 0 in the noninverting amplifier turns it into the unity-
gain amplifier, or voltage follower having the following closed-loop parameters

A,=1,R,=candR, =
= Acts as a resistance transformer, since looking into its input we see an open
circuit, but looking into its output we see a short circuit to a source of value I, =
Vi
= No voltage loss because the voltage across the load resistance R; is equal to the
source voltage

= No current drawn from the source
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4. Operational Amplifiers (OPA) > Basic OPAMPs Configurations

The Inverting Amplifier

= The output voltage is givenby V, = A-V;; = —-A-V,
= Since for the ideal OPAMP the input current can be considered as null Ip; = I,

= The output voltage is also given by I, — V; = (R; + R,) - I from which we
deduce Ip; = (V, = V;)/(R; + R,)
R4

= The virtual ground voltage is givenby V, = Ry - Ix; + V; = — v, =V +
1 2
Vi
= Replacing in the above equation and solving for the voltage gain results in
A Vo __ —Rz/Ry __ R R;
Av =71— 1+1+R2/R1 = _R_1 for A > 1 +R_1

A
= Again, the voltage gain is set by the ratio of resistances R, to R; and hence
independent of the OPAMP gain
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4. Operational Amplifiers (OPA) > Basic OPAMPs Configurations

The Inverting Amplifier — Ideal OPAMP

Vo

= The analysis is much simpler when considering an ideal OPAMP with infinite gain
= The voltage at the virtual ground is then null v, = 0

= Since the current flowing into the negative input of the OPAMP is zero I_ = 0, the
sum of the current at the virtual ground is given by

Vi W
Rl RZ
= From which we get the voltage gain
V. R
Ay 2 2=--12
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4. Operational Amplifiers (OPA) > Basic OPAMPs Configurations

Effect of Source Loading

LN >%VL

= Unlike its noninverting counterpart, the inverting amplifier will load the input source
if the source is non ideal

= Assuming the OPAMP is ideal with infinite gain, the voltage at the virtual ground
remains zero V;, = 0

= The sum of the currents at the virtual ground node is given by
v v

s UL _
Rs+R; R,

= From which we get the voltage gain including the effect of source loading

0
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4. Operational Amplifiers (OPA) > Basic OPAMPs Configurations

The Summing Amplifier

T

= Considering again an ideal OPAMP with infinite gain, the voltage at the virtual
nodeiszeroV,, = 0

= We can write the sum of the currents at the virtual ground node

Vi Ve VoV,
Lp-zy 340
Ri Ry Rz Ry

= The output voltage is then given by
Ry Ry Ry

V.=—-—— 'V -—— .V, —-——.V
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4. Operational Amplifiers (OPA) > Basic OPAMPs Configurations

The Difference Amplifier

Ri v R
V&@ >
T Rs R, lvo
2

= Setting V, = 0 makes 1}, = 0 corresponding to inverting amplifier. The output
voltage due to V; is then givenby V,; = —R,/R; - V;
= Setting V; = 0 makes the amplifier operate like a non-inverting amplifier. The
output voltage due to V; is then given by V,, = (1 + Ry /Ry) -V, =
(1+R3/Ry)-Ry/(R3+Ry) - Vs
= The output voltage is obtained by superposition as
Rz' +1+R2/R1 v,
R, 1+ R;/R,
A particular case is obtained by setting R; /R, = R{/R,, leading to

R,
Vo= —=V1)
R4
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4. Operational Amplifiers (OPA) > Basic OPAMPs Configurations

Basic Circuits Combining an OPAMP and Impedances

Inverting amplifier

Z1(S) ZQ(S)
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o
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Non-inverting amplifier

Z4(s) Zy(s)

O

~ L

Vo (s) _ Zy(S)
® e

Difference amplifier
Z4(s) Zy(s)
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A,(s) 2
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VO(S) - Z ( )Vl( )_ ( ) 2( ) VS( ) O(S) 1( ) 1( ) 1+Z3(S)/Z4(S)V2(S)
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4. Operational Amplifiers (OPA) > OPAMPs Non-idealities

OPAMPs Simplified Schematics

Bipolar OPAMP

—0 Ve

Vo

VN Ql Q2 Vp

03 Oy

[ Input | Second Output _’|
[ stage | stage stage

High gain

Input bias current

Low output impedance
Low flicker noise

CMOS OPAMP

= Medium gain

= No input current

= Medium output impedance
= Higher flicker noise

S. Franco, Design with Operational Amplifiers and Analog Integrated Circuits, 4" ed., Mc Graw-Hill, 2015.
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4. Operational Amplifiers (OPA) > OPAMPs Non-idealities

Input Bias and Offset Currents

OPAMP with I é Offset-free I +1
Iy offset L OPAMP = P "
by al fol2 B=7
V. l\‘vid - Vig
o l v, 2 l V A
3_\4_1 n o—s IOS—[p—[n
= 3 _i_ V'l Iy Is -i-

|||-o

= Bipolar input stage suffer from non-zero input bias current

= Because of mismatch, I,, and I,, are usually not equal and suffer from an offset
current I = I, — I,

= The non-ideal OPAMP can be modelled by an offset free OPAMP with 3 current
sources, two current sources modeling the bias current Iy = (I, + I,)/2

= Usually the bias current I is much larger than the offset current I, (typically one
order of magnitude)
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4. Operational Amplifiers (OPA) > OPAMPs Non-idealities

Effects of Input Bias and Offset Currents

= There are many circuits that, once their active inputs are set to zero, reduce to an
equivalent circuit as shown above, including the inverting and noninverting
amplifiers, the summing and difference amplifiers, |-V converters, and others

= The input bias currents will generate an output voltage given by
R
v = (1 +R—j) .(Ryz I, — R, -I,) where R;, = Ry || R,
= which can be rewritten in terms of Iz and I,
R;
V, = (1 + R_1) |(Riz = Ryp) Iz — (Riz + Ry) - Irs/2]

The effect of the bias current can be eliminated by choosing R,, = R, leaving
only the effect of the input current mismatch I,
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4. Operational Amplifiers (OPA) > OPAMPs Non-idealities

Offset Voltage
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= |deally, the output voltage should be equal to zero when setting the input
differential voltage to zero

= However, because of the mismatch in the input stage (differential pair), the output
voltage is not equal to zero

= The offset voltage is defined as the input differential voltage needed to bring the
output voltage back to zero

Vo=A'(Vid_vos)=A'(Vi+_vi—_vos)
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4. Operational Amplifiers (OPA) > OPAMPs Non-idealities

Effect of Input Offset Voltage

AAAAAAAAAA

= The input-referred offset voltage is multiplied by the voltage gain to appear at the

output as
RZ
Vo = 1+ _Rl Vs

= Assume the offset is 10 mV, if the resistance ratio is set to 1000 the output voltage
will be larger than 10 V, which may eventually drive the OPAMP into saturation!

= There are circuit techniques that will be discussed later that can cancel this offset
voltage
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4. Operational Amplifiers (OPA) > OPAMPs Non-idealities

Combining Current Bias, Current Offset and Voltage Offset

V. V.
5 I X Offset-free 5 % | Offset-free
o - OPAMP o —F OPAMP

N N\
\/H-l\ IOS/2 >—o \/H-l\ >—0
Vid Vid -
I k lvo i ) lvo
vl I Xls 2 vl I 2
1 2

= The bias and offset currents can be combined with the offset voltage by using one
of the above circuits
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4. Operational Amplifiers (OPA) > OPAMPs Non-idealities

Common Mode Rejection Ratio (CMRR)

vl | v,

A el :>T

DL | "

v

= |deally the amplifier should only amplify the differential voltage V;4; & V;, — V;_

= However, because of internal mismatches, it will also amplify the common-mode
voltage V;. = (V;; + V;_)/2. The output voltage is then given by

Vo = Aam *Via + Aem * Vie = Aam * | Via +Aﬂ'vic = Agm \Vig + Vi
Agm CMRR
= Where A,, is the differential-mode gain whereas A, is the common-mode gain

= The ability of the OPAMP to reject the common-voltage is defined as the common-
mode rejection ratio (CMRR)

dm

Acm

= |t represents the equivalent differential voltage that is needed to cancel the output
voltage due to a certain input common-mode voltage
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4. Operational Amplifiers (OPA) > OPAMPs Non-idealities

Power Supply Rejection Ratio (PSRR)

Vb AVss/PSSR- AVpp/PSSR.
— - V. Voo
&5—5
+Vidlzlc> . CDlAVDD +Vid/2l<> .
_\ﬁ"'_+\ _‘ﬁ+_+\
Vi) — ] |u e —
— Vi- -~ lvo _ Vi ] lVO

Vic—Ol _Vid/leD ! ()lAVSS M Vid/ZlCD b

= \oltage variations on the positive and negative supplies AV, and AVss may also
induce changes in the output voltage

= Assuming for simplicity that ;. = 0, the output voltage change due to AV, and
AVsg is given as
VO — Adm . Vid + A_|_ : AVDD + A_ : AVSSZ

A A_ AV, AV
=Adm-(vid+—+-AVDD+—-AVss>=Adm-(vi oot o )

Agm Agm PSRR, ' PSRR_

= where A, and A_ are the small-signal gains from the positive and negative
power-supplies to the output, respectively and

Adm

PSRR, =

and PSRR_ &

Adm|
+ A_
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4. Operational Amplifiers (OPA) > OPAMPs Non-idealities

Frequency Response
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= Practical OPAMPs provide high gain only from dc up to a given frequency, beyond
which the gain decreases with frequency

. Age _ wy
A(S) o 1+s/wy o S+wy

with w,, = Ay - Wy,
= Where A, is the open-loop dc gain, w,, the dominant pole frequency and
w, = Agy. - W, the unity gain frequency or gain-bandwidth product

= As shown above, in the frequency range from 10 Hz to 1 MHz, the OPAMP
behaves more like an integrator

w
A(w) = —forw > w,
Jw
S. Franco, Design with Operational Amplifiers and Analog Integrated Circuits, 4" ed., Mc Graw-Hill, 2015.
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4. Operational Amplifiers (OPA) > OPAMPs Non-idealities

Miller Compensation of Two-Stage OPAMP

1(?;&;
07
: Ca ¢,
30 s a
| 0, vidl %Gmrvid& %w <>l—A2-V1 lw <>lA3.v2 lVo
5 \;i_ . T °
| sog "G — ke
= The transfer function is given by
dc
A(s) =
(5 1+s/w,

= With Ay, = Gpyq * R1 - A, - A3=G,1 + Ry - A, assuming that the gain of the
output stage is unity (4; = 1)

= The dominant pole is given by w,, = 1/(Ry - Coq) Where Ce, is the Miller
capacitance seen at the input of the 2" stage C,, = (1 + A;) - C. which takes

advantage of the large gain of the 2"9-stage for achieving a large capacitance out

of a small compensation capacitance C,
S. Franco, Design with Operational Amplifiers and Analog Integrated Circuits, 4" ed., Mc Graw-Hill, 2015.
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4. Operational Amplifiers (OPA) > OPAMPs Non-idealities

OPAMP Behaves More like an Integrator

= Practical OPAMPs provide high gain only from dc up to a given w,, frequency,
beyond which the gain decreases with frequency

= where A, is the dc open-loop gain, w,, the dominant pole frequency and
w, = Agc - w, is the unity gain frequency or gain-bandwidth product (GBW)

= As shown in the previous slide, in the frequency range from 10 Hz to 1 MHz, the
OPAMP behaves more like an integrator

A(w) = (]‘_)—;‘forw > W,

= The gain-bandwidth or unity gain frequency is a key parameter which should be
large enough for the OPAMP to provide gain in the frequency band of interest

S. Franco, Design with Operational Amplifiers and Analog Integrated Circuits, 4" ed., Mc Graw-Hill, 2015.
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4. Operational Amplifiers (OPA) > OPAMPs Non-idealities

Effect of Finite Gain-bandwidth Product on Noninverting Amplifier

|H(w)lee
w A
R R A(s) = Tu

Vidf - f\(S

|Av]as=|Aolea 1+R,/R1 (in dB)

<
Ifo€—9¢
ilfo «——

o~

> o (log)

Mc My

= \We can reuse the previous result replacing the constant gain A by w,, /s
= This results in an overall gain that becomes frequency dependent according to

aYo_ Ay _ Wy _ A Ry
H(s) 2 = 1+S/wcwhere we = andA, = A, =1 +R1

= Atlow frequency (w <K w, = w,/A,), the OPAMP gain A is larger than 4, and

the non-inverting amplifier gain H(s) is equal to its ideal value A, = 1 + %
1

= For frequency above w,., the OPAMP gain is not sufficient for its negative input to
behave like a virtual ground and the amplifier gain is then limited by the OPAMP
gain
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4. Operational Amplifiers (OPA) > OPAMPs Non-idealities

Effect of Finite Gain-bandwidth Product on Inverting Amplifier

|H(w)loe
R4 R> 4

[0
A(s) = —
N A0)|=ouo
vil 1=0
y |Aolas 1+R5/R (in dB)

2 Vet Als N R

|Av|aB 2/R1 (in dB)
L lvo |
|
2 |
0 I &

HETS \ N

= Similar analysis can be done for the inverting amplifier
= The input-output gain also becomes frequency dependent

A ﬁ _ Ay _ & _ ﬁ . &
H(s) & V= Tos/on where A, = R We =7 and A4, =1+ R
= At low frequency (w < w, = wy/Ay), the OPAMP gain A is larger than A, and
the inverting amplifier gain H (s) is equal to its ideal value A, = — R, /R,
= For frequency above w,, the amplifier gain is then limited by the OPAMP open-
loop gain
~Qu dy o Qu o R ~ _
H(w) = Py s for R, > 1 (hence A, = —A,)
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4. Operational Amplifiers (OPA) > OPAMPs Non-idealities

Voltage Follower Rise-time

S
—~~~
»

Vigh

A(s) = % Val '_IVO
2 2

= Accounting for the finite gain-bandwidth product, the voltage follower gain becomes

v, 1 1
H(s) 2 —= =
Vi 1+1/A(s) 1+5s/wy

= The step response is then given by
Vo (t) = Vi (1 — e7 /%) where t = 1/w,
= The rise-time t; is defined as the time it takes for v, to swing from 10% to 90% of the
final value 1/,

= We easily find tgge, = —7 - In(0.1) and t;40, = —7 - In(0.9) and hence
. In(9) = 2.2 2.2 0.35
=T-Iln =22T= =
: Wy fu
= which provides a link between the frequency-domain parameter f,, and the time

domain parameter tp
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4. Operational Amplifiers (OPA) > OPAMPs Non-idealities

Slew-Rate
Vee
10 ;
vo SR : \
SR 4 S o : !
g 05 e s L seesm il N ssnmaa i fisanmac) A e — )
vy "
VI/ : :
0 -10 T i
0 5 10 15 0 50 100
Time (us) Time (us)

= For a large input voltage step, the differential pair will saturate and the maximum
current available to charge the compensation capacitance C,. is equal to the
constant bias current I,

= The voltage can therefore not change faster then

dvo IA
dt C.

= which is limited by the bias current I,

SR £

S. Franco, Design with Operational Amplifiers and Analog Integrated Circuits, 4" ed., Mc Graw-Hill, 2015.
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4. Operational Amplifiers (OPA) > OPAMPs Non-idealities

Settling Time

Error band

Final | __ ___ ____/ N\ e __ _l e
value —F

= Therise time tp and slew rate SR give an indication of how rapidly the output
changes, respectively, under small-signal and large-signal conditions

= The settling time ¢ is defined as the time it takes for the response to a large
input step to settle and remain within a specified error band, symmetric about its
final value

= Settling times are specified to accuracies of 0.1% and 0.01% of a 10-V input step

= The settling time t¢ is comprised of an initial propagation delay due to higher-order
poles, followed by an SR-limited transition to the vicinity of the final value, followed
by a period to recover from the overload condition associated with the SR, and
finally settle toward the final equilibrium value

= Afast tp orahigh SR does not necessarily guarantee a fast ¢t
S. Franco, Design with Operational Amplifiers and Analog Integrated Circuits, 4" ed., Mc Graw-Hill, 2015.
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4. Operational Amplifiers (OPA) > OPAMPs Macro-models

The Boyle Spice Macro-model

= The OPAMP models provided by vendors all use macro-models similar to the one

below

7 (Vo)
el
Rei Ree Vcé
(|:l
| ::RP ;D
39k% Yo G ve Roi T ° Y
it W
2 Dy \D2 D4
X R R
3 Cemve Gavq ¢ Cpvp oz
g i TVE
4
‘ l 4(-Vgp)
BIASING )
REFERENCE INPUT I INTERMEDIATE ouTpPUT INPUT STAGE INTERSTAGE OUTPUT STAGE
NETWORK STAGE STAGE

STAGE

G. R. Boyle, D. O. Pederson, B. M. Cohn and J. E. Solomon, JSSC, Dec. 1974.
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4. Operational Amplifiers (OPA) > OPAMPs Macro-models

Spice OPAMP Macromodels

+F— . f 11(s) Avo Vo (5)
v Vim 'V — 9m1 — &
d v

o | " (v =) (e 2)

) -7k Im1 ! §

Fig. 2.5 A two-pole model taking into account the slew rate limitation. The maximum available
currents of the input stage are given by /; and [ . The transfer has the characteristic slope of g,,,;

N B Vsp
Vew ‘ISS C)_VB1
A i
‘ Rszf] ‘ J=CS ‘f C2 Ro; T
Ig1 Rst B2 H - 2 Vout
D D
_ M M2§| 1 * Ao,
in e Vas GT @l [] Ro Gl []Roz
— 2 GeyVey |GV Re 1
+ O cMYcMm a‘a vab
a chout o 0
_!!_ ——
RD1[J ! [l]RDz [JRP C)_Vaz )
2 Vs

Fig. 2.6 SPICE macromodel of a Miller-compensated two-stage CMOS operational amplifier
according to Boyle et al. The input stage is modeled by a differential transistor pair, while the
output stage is built up by driven sources and saturation diodes

J. Huijsing, Operational Amplifiers Theory and Design, 3 ed., Springer, 2017.
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4. Operational Amplifiers (OPA) > Instrumentation Amplifiers (1A)

Instrumentation Amplifier (IA) Definition

= An instrumentation amplifier (IA) is a difference amplifier meeting the following
specifications:

1. Extremely high (ideally infinite) common-mode and differential mode input
impedances

2. Very low (ideally zero) output impedance
3. Accurate and stable gain, typically in the range of 1 V/V to 103 V/V and

4. Extremely high common-mode rejection ratio (CMRR) and power supply rejection
ratio (PSRR)

= The IAis used to accurately amplify a low-level signal in the presence of a large
common-mode component, such as a transducer output in process control and
biomedicine

= For this reason, IAs find widespread application in test and measurement
instrumentation, hence the name

= The difference amplifier presented above does not fulfil requirement 1
= |t can be changed by adding voltage followers at both inputs

S. Franco, Design with Operational Amplifiers and Analog Integrated Circuits, 4" ed., Mc Graw-Hill, 2015.
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4. Operational Amplifiers (OPA) > Instrumentation Amplifiers (1A)

The Three OPAMPs IA

Vo1

)) \
44

Load
)
{8

= The d:ifferential voltage at the output of the first stage is given by

R
Vo1 — Vo2 =1+ '(771_772)

R;/2
= The gain of the second stage being —R, /R, the output voltage is given by
—A- _ i — R3) . R
v, =A-(v, —v;)wWithA = (1 + ZRG) R,

= The gain is usually set by resistor R to avoid perturbing the bridge balance

= The sense and reference voltages are sensed right at the load terminals, so the
effect of any signal losses in the long wires is eliminated by including these losses
within the feedback loop

S. Franco, Design with Operational Amplifiers and Analog Integrated Circuits, 4" ed., Mc Graw-Hill, 2015.
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4. Operational Amplifiers (OPA) > Instrumentation Amplifiers (1A)

|A with Active Guard Drive

Sense

vy Z
1 ;
vem o E = /
h RG IA —O Vo Shield
= (@) T =
L V2
V2

+ Reference =

Vem

= The advantage of double-ended over single-ended transmission is that since the
two wires tend to pick up identical noise, this noise will appear as a common-mode
component and will thus be rejected by the IA

= Because unequal cable resistances and capacitances, any variation in v, will
produce uneven signal variations downstream of the RC networks v; # v,,
resulting in a differential error signal

= This represents a degradation in the CMRR due to RC imbalance CMRR =
— 20log(2nf R 41, Cy) Where Ry, = |Rgy — Rsp| @and Cp,, = (€1 + C,) /2

= The effect of C,,, can be neutralized by driving the shield with the common-mode

voltage itself so as to reduce the common-mode swing across C_,,, to zero
S. Franco, Design with Operational Amplifiers and Analog Integrated Circuits, 4" ed., Mc Graw-Hill, 2015.
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4. Operational Amplifiers (OPA) > Instrumentation Amplifiers (1A)

The Transducer Bridge Amplifiers

’ R(1+95) .
1 = .
VREF-'JL_ Rl Rl Sense 1 Rl +R(1+5) REF
Vi V) _ R 5
= -V vV
R(1+9) R RG% A oo, R1+R REF+2+1;€1+R (1+I]§) s REF
1 1
A AR - ! R
5 = ? Reference J:_ ,02 — Rl " R . VREF
= Using the IA to amplify the difference v; — v, by again A
)
Vo =A—p R ' VreF
1+R1+<1+ ) (1+6)

= The output voltage is a nonlinear function of 6. However, § can often be

considered much smaller than unity, which leads to a linear relation wrt 6
v, = A- % Vepr for 6 < 1

24+— +R_1

= Many bridges are designed with R; = R which leads to
A- VREF o A VREF

4 1+68/2° 4

S. Franco, Design with Operational Amplifiers and Analog Integrated Circuits, 4" ed., Mc Graw-Hill, 2015.
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4. Operational Amplifiers (OPA) > Instrumentation Amplifiers (1A)

Bridge Calibration

VREF i R, g

Vo

Reference =

= Because of resistance tolerances, including the tolerance of the transducer’s
reference value, the bridge is likely to be unbalanced and a trimmer should be
included to balance it

= The tolerances in the values of the resistances and of Vz will affect the bridge
sensitivity, thus creating the need for adjustment of this parameter as well

= Varying R,’s wiper from its midway position will assign more resistance to one leg
and less to the other thus allowing the compensation of their inherent mismatches

= Varying R5 changes the bridge current and hence the magnitude of the voltage
variation produced by the transducer, thus allowing the adjustment of the
sensitivity
S. Franco, Design with Operational Amplifiers and Analog Integrated Circuits, 4" ed., Mc Graw-Hill, 2015.
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4. Operational Amplifiers (OPA) > Instrumentation Amplifiers (1A)

Single-OPAMP Bridge Amplifier

R,

VREE gl
I

Vo
R(1+6)

= For reasons of cost it is sometimes desirable to use a simpler amplifier than the
full-fledged three OPAMPs IA

= |t can be shown that the output voltage is given by

R, 5 R, 5
v0=—°R1 Ry .VREFE_.—Rl Rl'VREFf0r5<<1
R ?+(1+E)'(1+6) R I+ 2%,

= 30, for § < 1, the output voltage depends linearly on &

= To adjust the sensitivity and to null the effect of resistance mismatches, we can
use the same scheme as above

S. Franco, Design with Operational Amplifiers and Analog Integrated Circuits, 4" ed., Mc Graw-Hill, 2015.

EPFI: © C. Enz | 2021 Smart Sensors for the loT Slide 46 ol WY -}




4. Operational Amplifiers (OPA) > Instrumentation Amplifiers (1A)

Bridge Linearization

Yo

Reference

= All bridge circuits discussed so far suffer from a nonlinear response to 6

= The above circuit linearizes the bridge by driving it with a constant current by
placing the entire bridge within the feedback loop of a floating-load V-I converter
setting the bridge currentto Iy = Vier/Ry

= By using a transducer pair as shown, Iz will split equally between the two legs

= Since OA keeps the bottom node of the bridge at Vi gy, we have vy = Vppr +
R(A+68)Ig/2and vy, = Ve + R1g/2 S0
A ° R ° VREF
= )
2R,

S. Franco, Design with Operational Amplifiers and Analog Integrated Circuits, 4" ed., Mc Graw-Hill, 2015.
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4. Operational Amplifiers (OPA) > Instrumentation Amplifiers (1A)

Bridge Linearization

VREF

= The above schematic uses a single-transducer element and two inverting-type
OPAMPs

= The response is again linearized by placing the bridge within the feedback loop of
the V-l converter OA1 leading to

. R - VReF .

>

v, )

S. Franco, Design with Operational Amplifiers and Analog Integrated Circuits, 4" ed., Mc Graw-Hill, 2015.
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4. Operational Amplifiers (OPA) > RC-active Filters

RC-active Filters

Integrator 1st-order low-pass filter
R>
C 'l'l'g'l
R [ o T
V. ,o—\WW R
in -L_>_‘_o Viout Vi o—— WA >—‘_° y
n out
- L
1
H(s)=-2 - with 7=RC H(s)2—oul — _ with @, = 1
Vi s°7 Vie 1+ R-C 1

c

= Assuming the OPAMP gain is large enough, RC-active filters offer
» good linearity

» and are insensitive to the parasitic input capacitance
(however the cut-off frequency may depend on the load capacitance)

= On the other hand they must drive low impedance loads which leads to higher
power consumption
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4. Operational Amplifiers (OPA) > RC-active Filters

Higher Order Single OPAMP RC-active Filers

H(S) A "out _ _Y1Y3
| Vi  L(H+h+B+Y)+5Y,
Vout
0
High-pass Band-pass
Ci== Cs G5 C4_|_ Cs GS
4L e :
Vinl ! %GZ lVout V'”l G2 lvout
[~ * 1 0 o < _TL 0
_G1G3 _C1C3 ‘S2 —G1C3 .S
CyCs-5° +C5(G+ Gy +Gy )5+ G3Gy C3Cy 5% +Gs (Cy+C3+Cy) -5+ GyGs C3Cy 52 +Gs(C3+Cy ) -5 +Gs (G +Gy)

"l P . I © C. Enz | 2021 Smart Sensors for the loT Slide 51 m



4. Operational Amplifiers (OPA) > RC-active Filters

Higher Order Single OPAMP RC-active Filers

Low-pass High-pass Band-pass
Ci=F o, EGs Ci=F o, E6s
ﬂ j G |
Vin ! G2 Vout V'”l 1 G2 Vout
O @ 1 0 O _L_ O
K-s? K-s
H(s)= p H(s)= -
s2+—p-s+a)]2, s2+—p-s+a)]29
o, Op
Elements Low-pass High-pass Band-pass
Y1 G1=K/(Up C1=K GlzK
Q,(2w% + K
Y, |C= o w’; ) G, = wp(2+K)Q, | G, = 2w,Q, — K
p
Y3 G3 = wp C;=1 C; =1
Yy Gy = G3 Cy = C3 Cy = C3
Wy Wp Wp
Y. Ce = p Gy = ——= G = ——
° T 0,2w2+K) | T Q2+K) 20,

=P oo e
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4. Operational Amplifiers (OPA) > RC-active Filters

The Sallen and Key Filter

i K
| -
R4 R3 H(s) A Tout _ RIR3C,Cy
o l.'.'lvlll v‘v‘v‘v‘v‘ * > I/ll’l 2 1 1 1 K 1
—° s°+ + + — e
‘L Rs R3 C4 Rl CZ R3 C2 R3 C4 Rl R3 C o) C 4
Vi C4T i w Vout K- 0)12)
§§ Ra =
° Y 52 +a)—p-s + a)]2,
— Qp
R 1 1 R.C R R
Ry RRC,C, 0, VRC, \RG \/ RyC,
1 1
- |fR1 :R3 :RandC2 =C4 :Cthenwp :Eande :3__K

= To have a unity dc gain K = 1, the amplifier can be configured as a voltage
follower Rg = 0 and R4 = oo
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4. Operational Amplifiers (OPA) > RC-active Filters

The Generalized Tow-Thomas Biquad

R
R4
C C
I I ¢
II lllll
- R wyyy
RiIE ==C , RE LT
2 T N v, RE T RE L[V
Vio—t—d

= A more versatile 3 OPAMPs biquad is the generalized Tow-Thomas shown above

= The transfer function is given by

Ci ,, 1 (R r 1
C* +W(R—1‘R—3)S+ch2

S 1

+tR.C T RO

= Clearly, it is possible to obtain any kind of second-order filter function by a proper
choice of the component values

T()AVO_
S _Vi_

SZ

= The choice is summarized in the table on the next slide

T. Deliyannis, Y. Sun and J. K. Fidler, Continuous-Time Active Filter Design, CRC Press, 1999.
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4. Operational Amplifiers (OPA) > RC-active Filters

The Generalized Tow-Thomas Biquad

R
ST e O
I " re [
Vio .
Type Conditions Comments
LP [C;=0 R{=R; = o
BP | C;=0 Ry =R, = Positive sign
BP | C;=0 R, =R; = Negative sign
HP |C;=C R =R;,=R;=o
Notch | C; =C R =R; =
Allpass |C; =C Ry =, r=R3/0Q

T. Deliyannis, Y. Sun and J. K. Fidler, Continuous-Time Active Filter Design, CRC Press, 1999.
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4. Operational Amplifiers (OPA) > RC-active Filters

The LP and BP Tow-Thomas Biquad

R
Ry
C" C
R1 . . H u';u
JT__/O J__/ [ YWW >—"—° Vip1
VBP N VLP2 J—__
(positive)

(negative)

= The particular LP and BP cases of the Tow-Thomas biquad are shown above

Tpp(s) = CEP = K >and Ty p(s) =

2,90
Vi s+Q+
1 R R
" Where wy = —, =fandK=—R—
1

Vip1

K

Vi

5242054 2

Q

= We see that R, sets the Q-factor independently of the center frequency w, and

R, sets the gain in the passband

T. Deliyannis, Y. Sun and J. K. Fidler, Continuous-Time Active Filter Design, CRC Press, 1999.
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4. Operational Amplifiers (OPA) > Operational Transconductance Amplifiers (OTAs)

Operational Transconductance Amplifiers (OTAs)

Vins _ Vins = Gm Vi T
\/idr_ém /out—Gm (Vln+ Vm‘) Vidl Zin [] % d EE Rout
Vin- Vir- o = o

= The operational transconductance amplifier (OTA) is a voltage controlled current
source (VCCS) controlled by a differential voltage

= |t has a high output impedance R,,,; and the input impedance Z,, is usually
capacitive

= The main difference between an OTA and an OPAMP is that the dominant pole of
the OTA is set by the external load capacitance C; whereas for an OPAMP it is set
by the internal compensation capacitance C,

= The OTA therefore does not need any compensation capacitance C,. which usually
leeds to lower power consumption
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4. Operational Amplifiers (OPA) > Operational Transconductance Amplifiers (OTAs)

Basic OTA Schematics
Miller OTA Symmetrical OTA
Vbp
. . Voo .
M3I:|ID—<—0I|:IM4 [IMG
4—I(:U|t—o Bo=P1
Bs=BBs |
T Mg by —
Vin+l ! lvin—
2l
l_ Voo—| Ms l [ Mg
Vss +— Vss

= The above schematics show the simplest OTA schematics

= At low-voltage, they may provide limited dc gain which can be improved by adding
cascade stages
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4. Operational Amplifiers (OPA) > Operational Transconductance Amplifiers (OTAs)

OTA-based Integrator

Integrator 1st-order low-pass filter

(o

+
Gypr——

Viny

‘@D
3

p——0

T CL l Vout VI_ TG l Vout

o

= The OTA can be used to build an integrator which are used for building higher
order filters

= Contrary to RC-active filters, the linearity of the integrator or filter directly depends
on the linearity of the OTA
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4. Operational Amplifiers (OPA) > Operational Transconductance Amplifiers (OTAs)

The Tow-Thomas OTA-C Biquad

— Vo1
Vite i
C1

o+
3
N

L 4

° Vo2

C2 Gm3

..|_|

(o)
Vio
(o)

Vi

= The Tow-Thomas filter can also be realized with OTAs using lossy integrators as
shown above

= The various transfer functions are given by

(ST tk)V i +Via—k2,Vi3 Vii—ST1Vix+k25T1V3

Vo1 = andV,, =
ol SZT1T2+k22$T1+1 02 SZT1T2+k225T1+1
. G C C
. W|th k22 — 13, 71 = S and Ty, = —Z
Gma2 Gm1 Gmz

= This circuit is simple and has very low sensitivity and low parasitic effects

T. Deliyannis, Y. Sun and J. K. Fidler, Continuous-Time Active Filter Design, CRC Press, 1999.
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4. Operational Amplifiers (OPA) > Operational Transconductance Amplifiers (OTAs)

The Feedback Lossy Integrator OTA-C Biquad

(EmZ * o 02
Gm1 nn
Viro C,

Vis

o
3
w

= This is a variant of the previous Tow-Thomas lossy integrators OTA biquad where
the input of G, has been connected to its output (making it lossy)

= The output is then given by

(5Ta+ko2)Vig—(ky2—1)Vi3 _ Vig+(kp2—1)s11V3

Vo1 = andV,, =
ol SZT1T2+k22$T1+1 02 S T1T2+k225'l'1+1
. G C C
u W|th k22 1 + — m3 1 = = and Tz = —2
Gmz’ Gm1 Gma2

T. Deliyannis, Y. Sun and J. K. Fidler, Continuous-Time Active Filter Design, CRC Press, 1999.
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