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A topologies — One amp recap

V1 R1

R2

R3

V2

R4

~GND

AAAY

VS-

VS+

—e\/out

Difference amplifier output equation:
Vout =Vd X Ad + Ref

Where Ad is the gain of the circuit

If R1 = R3. and R2 = R4, then Ad = %

Challenges:
1. Precision relies on matched resistors
2. Low input impedance
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A topologies — Three amp recap

Difference
amplifier
output stage

Buffer stage
with gain and
high input
Impedance

VOUTA1

|4 t—desz 1+2Rf + R
out = R1 Rg ef

Rfl and Rf2 are . R1, R2, R3 and R4 are
ratiometrically matched in

absolutely matched VOUTA2
production to achieve the

for precise gain : _
calculation: desired gain, commonly
unity

Ad = ﬁ—i if R2=R4 and R1=R3
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|A topologies — Three amp recap cont’d

Buffer stage
with gain and
high input
impedance

.
V2

Rf1 and Rf2 are
absolutely
matched for
precise gain
calculation:

Ad = 1+2Rf
= Ry

VOUTA1

VOUTA2

Difference
amplifier
output stage

|4 t—desz 1+2Rf +R
out = R Rg ef

R1, R2, R3 and R4
are ratiometrically
matched in
production to
achieve the desired
gain, commonly
unity

R2

Ad = —
R1

If R2=R4 and R1=R3

Drawbacks:

Complex design: 3 amplifiers
and 6 resistors.

This complexity may result in:

« larger die size,

* higher current consumption,
* higher manufacturing cost.
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A topologies — Two amp |A introduction

Design simplicity:

R4 — 2 amps, 4 resistors 2
——NVWN\——
e smaller IC
 lower current consumption
R3 VS- . .
iy 3, ~ smaller manufacturing cost
A2 HVO2 R2 Input Impedance:
—\VWW—— : :
(%L + — High (typically 10° Q)
VS+
R1 VS-
L AAALID
Al Vout
V2 +
VS+
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A topologies — 2 amp |A derivation; A2 derivation

@ W

V1

V2

R4

VS-

A2

VS+

VO2

R1

R2

VS-

Al

VS+

Derive output of A2 using
superposition theorem:

Equation

V1

Ref

V1*

Keep

Short

Ref*

Short

Keep

VO2 = V2* + Ref*

Ground Ref:

A2 looks like non-inverting
Vout configuration:

V02=(

1+R4 X V1
R3

Equation V1*
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A topologies — 2 amp |A derivation; A2 derivation

R4

——\WA——
R3 VS-
Ref ——AA—=
Ap  \VO2
@ +
VS+
R1
L_App

R2

VS-

V2

Al

VS+

Vout

Derive output of A2 using
superposition theorem:

Equation V1 Ref

V1* Keep Short

Ref* Short Keep
VO2 = V2* + Ref*

Ground V1:
A2 looks like inverting configuration:

voz = (-2« R
= | ~gr3g) < Ref

Equation Ref*
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A topologies — 2 amp |A derivation; A2 derivation

R4

VS-

R3
Ref —A\/V\

V1

A \VO?2

VS+

R1

R2

VS-

Al

V2

VS+

Vout

Derive output of A2 using
superposition theorem:

Equation | V1* Ref

V1* Keep |Short |V1*=(1+R4/R3)xV1

Ref* Short |Keep |Ref*=(-R4/R3)xRef

VO2 = V1* + Ref*

Combine equations V1* and Ref* to
yield VO2:

vo2 = — 2 ref+ (143 11
= gz XRef R3
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A topologies — 2 amp |A derivation; Al derivation

R3
Ref —AN\

R4

VS-

V1

Ar V02 )

V2

VS+

R1

R2

VS-

Al

VS+

Vout

Derive output of Al using
superposition theorem:

Equation V2 VO2
V2* Keep Short
VO2* Short Keep

Vout = V2* + VO2*
Ground VO2:

Looks like non-inverting
configuration,

Vout = 1+R2 X V2
out = 1

Equation V2*
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A topologies — 2 amp |A derivation; Al derivation

R4

VS-

R3
Ref —AN\ =

A \VO?2

V1 +

VS+

R1

R2

VS-

Al

()

VS+

Vout

Derive output of Al using
superposition theorem:

Equation V2 VO2

V2* Keep Short

VO2* Short Keep
Vout = V2* + VO2*

Ground V2:

Looks like an inverting

configuration,

Vout = —X2 % V02
out = Rl

Equation VO2*
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A topologies — 2 amp |IA derivation; Al derivation

R4
——AM——

VS-

R3
Ref —A/\W\

V1

A2

V2

VS+

VO2

R1

R2

VS-

Al

Vout = (1+%)><V2-%x[

VS+

Derive output of Al using
superposition:

Equation | V2 VO2
V2% Keep | Short | yyox = (1 n E) X 1?2
R1

VO2* Short | Keep | vO2* = ‘R_}? X V0?2
Vout = V2* + VO2*
Combine V2* and VO2* to yield Vout:

vou Vout = (1+2) x V1-2>x V02 (eql)

—R4 R4
V02 =~ x Ref + (1 +7) x V1 (eq2)

—= x Ref +(1+) x V1]
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A topologies — 2 amp IA derivation; simplified

R2
R1

Vout = (1— ) VZ-—x[—xRef (1 R4)><V1]

R3

Assuming R4 = R1 and R3 = R2:
R?2 R2 [-R1 R1 ‘
Vout =1+ — | XV2——X|——X Ref + x V1

R1 R1 | R2 RZ
Simplify...
Vout = X + Ref
Ad Vd
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2 amp IA — Gain control & driving the Ref pin

Ref

V1

V2

Rg
M

VS+

O

R3

R4

VS-

A2

VS+

VO2

R1

R2

VS-

Vout

rd

VS+

VS-

Goal: Set the gain of the entire circuit with
one additional resistor

Adding resistor Rg yields the following output
equation:

R2 2 X R2

Vout = |1
ou <+R1+ Rg

) X (V2 —=V1) + Ref

Resistor matching recap:
Aim for R4 = R1 and R3=R2

In an integrated solution, R1, R2, R3, and R4
are absolutely matched in production.

Reference voltage recap:

Drive with low-impedance source, such as a
buffer or voltage reference
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2 amp IA — ACM analysis and performance

V
Rg = 1kQ Common mode gain = 4,, = 24 << 1
| VWV i VCM
: iRg = 0A :
| R Apply a 1V VCM (1V at V1 and V2)
: R4 = 1kQ :
— W\~ | Assume:
A — Ref is grounded
Refrﬁgwlkfﬁ_ T S - R1, R2, R3, R4 and Rg = 1kQ
I N P B e FVLI=1V > V1 =1V:
VS+ — Current flowing through R3 = 1V/1kQ = 1mA
R1 = 1kQ ~ VsS- ’
WL | |, fv2=1v > V2 =1y
V2 = 1V . — V1'=V2'=1V, there is no current flowing
Vst through Rg, so IRg = 0OA
v * IR4 = IR3+IRg = 1mA,

— Voltage drop across R4 is 1V, so VO2 = 2V
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2 amp |IA — ACM analysis and performance cont’d

Rg = 1kQ
, AAVAY
. |
: iRg = 0A .
' : VS+
7\
| | @,
! |
| R4 = 1kQ |
AVAVAY |
-~ |
iR4 = iR3+iRg =|1mA |
|
|
R3 = 1kQ VS- |
Ref - |
J7_ «— VI l R2 = 1kQ
IR3=1mA A2 VvO2l = 2V L ANAA——
GND | _ _
V=1V + iR2 =iR1 +iRg|=1mjA
VS+
R1 = 1kQ VS-
—ANN—6— -
—_— V2
iR1=1mA Al Vout = 0V
V2 =1V o
VS+
O
VS-

VO2 =2V and V2' = 1V:
— current flowing through R1 is 1V/1kQ = 1mA

IR2 =iIRg + 1R1 = 1mA
Voltage drop across R2 is 1V, so Vout = 0V

The two-amp |IA was able to reject the
common mode voltage (VCM)
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2 amp |A topology drawbacks — Gain

Ref

V1

V2

Rg

MV

VS+

R3

R4

VS-

A2 N\VO2

VS+

R1

O

R2

VS-

Vout

rd

VS+

VS-

o (1. B2 2XR2
TV T RLT TRy

) X (V2 —=V1) + Ref

2XR2
Rg
Vd = differential voltage = V2 — V1

Ref = reference voltage, level shifting term

Ad = differential gain = 1 + % +

Drawback:

 Ad cannot be 1V/V due to the addition of 1

In the gain equation: 1 + X2 Xk
R1 Rg
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2 amp |A topology drawbacks — Headroom

Ref

V1

V2

Rg

MV

VS+

O

R3

R4

VS-

A2 N\VO2

VS+

R1

R2

VS-

Vout

rd

VS+

VS-

Vout = 1+RZ+ZXR2 X (V1 —V2) + Ref
out = 21 Rg e
Drawback:
« Headroom:

— Low gain: If R4 >> R3, A2 will saturate if
V1 VCM is too high, leaving no headroom
for A2 to amplify the wanted signal

— High gain: If R4 << R3, there is more
headroom at VOZ2, allowing for higher VCM

*Note: Ref = OV
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2 amp |A topology drawbacks — Headroom cont’d

R4 = 10kQ

MV

-15V

R3 = 1kQ
Refl AVAVAY:
A2 R2 =1kQ
GND
V1 + MWV
= +15V
vd/2 = 500mV() - 10ka| a5V
VCM =5V AYAVAY,
L (3) vdiz = 500mv AL
GND
V2
+15V
R4 = 1kQ
AN
R3 = 10kQ 15V
Ref
A2 R2 = 10kQ
GND
AN
R1 = 1kQ -15V
AN

Vi +
Vd/2 = 500mV() +15V
VCM = 5V
R (3)vd/2 = 500mv

V2

Al

+15V

R2 2 X R2

Vout=<1+R1+ Rg )x(Vd)+Ref

Low gain example: R4 >> R3

Assume Al and A2 are powered by £15V supplies
Ad=1.1V/V,Vvd =1V

VCM =5V, Ref =0V

Expected output Vout =Ad xVd + Ref=1.1V

High gain example: R4 << R3

Assume Al and A2 are powered by £15V supplies
Ad=11V/V,Vd =1V

VCM =5V, Ref =0V

Expected output Vout=Ad x Vd + Ref =11V
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2 amp |IA topology drawbacks — Headroom cont’d

R2 2 XR2
- Vout = (1 + 21 + Rg ) X (Vd) + Ref
Low gain: R4 >> R3
Al and A2: £15V supplies, RRIO
B T P Ad=1.1V/V,Vd =1V, VCM =5V, Ref = 0V
—— w Expected output Vout =Ad x Vd + Ref=1.1V
VCM5VVd/2500mv o _Al Vout !=1.1V VOZ - 495V
v Vout I= 1.1V
fioh gain:Ra<<R3 - A1 and A2: +15V supplies, RRIO
et o G Ad = 11 V/V, Vd = 1V, VCM = 5V, Ref = 0V
e e Expected output Vout=Ad x Vd + Ref =11V
el I VO2 = 4.95V
Ea VVd/2=500mV +A1 Vout = 11V VOUT = 11V

+15V

wi3 TEXAS INSTRUMENTS | 19



2 amp |IA topology drawbacks — Headroom cont’d

R4 = 10kQ

R3 = 1kQ =15V
Ref = 4V ——AAN, -
A2 VO2g7 9.5V R2 = 1kQ
V1 + VWV
— +15V
vd/2 = 500mV (%) - 10k0| 15V
VCM =5V (+) —AM— =
L (3)vdiz =s00mv Al
GND .
+15V
R2 2 XR2
Vout =14+—+ X (Vd) + Ref
R1 Rg

Vout =5.1V

Low gain: R4 >> R3

Al and A2: £15V supplies, RRIO
 Differential gain (Ad) = 1.1 V/V
 Differential voltage (Vd) = 1V

« Common mode voltage (VCM) =5V
« Reference voltage (Ref) = 4V

Expected output:
Vout=Ad xVd + Ref=5.1V

VO2 = 9.5V
Vout = 5.1V
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2 amp IA vs 3 amp |IA — Headroo

Expected Vout = 1.1V or 5.1V
R4 = 10kQ R4 = 10kQ
NN Ay
R3 = 1kQ 15V R3 = 1kQ -15V
Ref = OVJ7 M\ = Ref = 4V AN -
oD A2 VO2=49.5V R2 = 1kQ A2 VOQ=9:5V R2 = 1kQ
V1 + YWy V1 + VWV
_ 15V _ +15V
Vvd/2 = 500mV R1 = 10kQ -15V Vadiz = 500mV R1 = 10kQ 15V
VCM =5V () A= VCM =5V (5) AMA—L]
| Vd/2 =500mV Al Vout I= 1.1V il Vd/2 = 500mV Al Vout = 5.1V
GND GND
V2 ) V2 +
+15V +15V
Vi +15V vi +15V
VOUTAL1 = 4.45V "2 - 1kO) VOUTAL1 = 4.45V R2 = 1kQ
Vd/2 = 500mV (5 VAL; YWy Vd/2 = 500mV (3 VAL YWy
-15V -15V
_____ AN R1 = 1kQ 15V e _ A R1 = 1kQ 15V
Rf1 = 500Q M Rf1 = 500Q M
VCM =5V Rg = A3 | VOUT=11V 1 VCM = 5V Rg = A3 | PUT =5V
L@ Rf2 = 5000 R3A R 10kQ B R3 = 1kQ
GND X MWV + o Rf2 = 500Q "
15V 15V
vd/2 =500mV (* Vvd/2 =500mV (¥
R4 = 1kQ R4 = 1kQ
VOUTA2 = 5.5V VOUTA2 = 5.5V
V2 ®e) Ref =0V V2 ®e) Ref = 4V
& GND & GND
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2 amp |A topology drawbacks — AC CMRR

Ref

V1

V2

Rg
M

VS+

O

R3

R4

VS-

A2

VS+

VO2

R1

R2

VS-

Vout

rd

VS+

VS-

Drawback:

« AC CMRR:

— Path from V1 to Vout has an additional
phase shift of A2

Example:
Assume we apply VCM at FCM to V1 and V2.

Expected common mode error = 0V which
means Al needs to see 0 difference between
V2 and VO2.

Phase shift introduced by A2 causes the
phase of VO2 to lag behind V2 - frequency-
dependent common mode voltage error at
Vout
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2 amp |IA — Example

Assume the following conditions:
Voltage supplies = £10V, Ref = 0V
Vd = 10mV, VCM =2V

Expected Vout = 3V

Ref

4 design steps: V1

1.

2. Find IA & check boundary plot
3.
4. Build and simulate with confidence

Determine gain required

V2

Determine Rg required

Rg

VS+

R3

R4

VS-

A2

VS+

VO2

R1

O

R2
A —

VS-

Vout

+

VS+

VS-
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2 Amp |IA — Example cont’d

1. Determine gain required

AVo.ut _ 3V _ 300V/V
AVin 10mVv

Gain =

Vem vs. Vout for Instrumentation Amp Vem

2. Find IA & check boundary plot ™ T
|A selected: INA126 . s
Plug in supply, gain, ref and VCM *
Make sure our expected input & i ]f
output voltages are within range . 'f-ff:- i’

Select INA Enter Design Information and Create Graph 2,015
e Gain Vin - (Min)
" \
10 4 300
oK INAT26 | . | )‘| Create Graph
Vs- Vref oK Help
o -10 o

Analog engineer's calculator = INA VCM vs Vout
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http://www.ti.com/tool/ANALOG-ENGINEER-CALC

2 amp |IA — Example cont’d

3. Determine Rg required

INA126 datasheet = Gain = 5 + = - Rg = 2710

Rg
4. Build and simulate with confidence

@vwz =5mV
vCM=2Vv( *
@lez =5mV

GND

-10V

Vout = 3V

% INA126

Rg =271Q

+10V
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2 amp IA —Summary of benefits and drawbacks

Ref

V1

V2

Rg

MV

VS+

O

R3

R4

VS-

A2 N\VO2

VS+

R1

R2

VS-

Vout

rd

VS+

VS-

Benefits:

 Fewer resistors, must need to be well
matched - pick an integrated IA

* Fewer amplifiers = lower cost

* High input impedance

Drawbacks:

* Minimum gain limitation (> 1V/V minimum)
« Gain vs headroom

« CMRR vs frequency

« Common mode voltage must be within the
power supply rails
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Thanks for your time!
Please try the quiz.
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To find more Instrumentation Amplifier
technical resources and search
products, Vvisit ti.com/inas

wi3 TEXAS INSTRUMENTS = 28


ti.com/inas

Quiz: Instrumentatlon Am
topologies: two-amp -

Tl Precision Labs — Instrumentatrdn Amphjigrs

N T —

a‘g\ :

1&.:«._ - 2= D
-

Presented by Tamara Alani bae e o=

Prepared by Tamara Alani N -

5’

171127

wi# TEXAS INSTRUMENTS

1



Quiz: (IA) topologies: two-amp || Question

1. What are some challenges associated with the two-amp IA topology? Select

all that apply.

a) The path from V1 to Vout has an
additional phase shift of A2
a) The two-amp IA must be
configured in gains > 1 V/V
a) The two-amp |A consumes more power
b) There is trade-off between
VCM and Ref to Gain

Ref

V1

V2

Rg

MV

R3

R4

VS-

A2

VS+

VO2

R1

R2

Vv

VS-

X Vout

/
VS+

M)

VS-
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Quiz: (IA) topologies: two-amp || Answer

1. What are some challenges associated with the two-amp IA topology? Select
all that apply.

Rg
A

a) The path from V1 to Vout has an
additional phase shift of A2 S

a) The two-amp IA must be "
configured in gains > 1 V/V YT o e N
Vv
a) The two-amp IA consumes more power " +
b) There is trade-off between Wy L L
VCM and Ref to Gain vz /

VS+

M)

VS-
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Quiz: (IA) topologies: three-amp || Question

2. Which of the following statements is false regarding the reference pin on a
two-amp IA?

a)
b)

C)
d)

ne ref
ne ref
ne ref

he ref

Din must be driven by a low-impedance source
nin Is used to level-shift the output of the IA
nin should be able to source and sink current

Din may be driven by a resistor divider so long as the resistors are low

tolerance

wi# TEXAS INSTRUMENTS
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Quiz: (IA) topologies: two-amp || Answer

2. Which of the following statements is false regarding the reference pin on a
two-amp IA?

a)
b)

C)
d)

T

ne ref
ne ref
ne ref

Din must be driven by a low-impedance source
nin Is used to level-shift the output of the IA

nin should be able to source and sink current

ne ref pin may be driven by a resistor divider so long as the resistors are low
tolerance
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Quiz: (IA) topologies: two-amp || Question

3. In atwo-amp IA, which resistors do we aim to match?

a) R4=R1and R2=R3
b) R4=R3and R2=R1

Ref

V2

V1

Rg
A"

VS+

R3

R4

VS-

A2

VS+

VO2

R1

O

R2

A

VS-

Vout

+
<

+
(M)

VS-
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Quiz: (IA) topologies: two-amp || Answer

3.

In a two-amp |A, which resistors do we aim to match?

a) R4=R1and R2=R3
b) R4=R3and R2=R1

Ref

V2

V1

Rg

MV

VS+

O

R3

R4

VS-

A2

VS+

VO2

R1

R2

A

VS-

Vout

/
VS+

(M)

VS-
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Quiz: (IA) topologies: three-amp || Question

4. What Is the gain equation of a two-amp IA, assuming we match R4 to R1 and
R3 to R2?

a) Gain=1+ 2 X R2

. R1 *,
b) Gain=1+ gz %\6«
c) Gan=1+_— Go to the product datasheet:
d) Gain =2 x (R1 + R2) https://www.ti.com/lit/ds/symlink/inal26.pdf
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https://www.ti.com/lit/ds/symlink/ina126.pdf

Quiz: (IA) topologies: two-amp || Answer

4. What Is the gain equation of a two-amp IA, assuming we match R4 to R1 and
R3 to R2?

a) Gain=1+ 2 X R2

. R1 *
b) Gain=1+ };22 %\Q«
c) Gain=1+_~ Go to the product datasheet:
d) Gain =2 x (R1 + R2) https://www.ti.com/lit/ds/symlink/inal26.pdf
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Quiz: (IA) topologies: two-amp || Question

5. Using the INA126 (TI's micro-power IA), what value of Rg do you need to
achieve a signal gain of 105V/V?

a) Rg=100Q

b) Rg =200Q A

c) Rg = 800kQ %\6

d) Rg = 8000 Go to the product datasheet:

https://www.ti.com/lit/ds/symlink/inal26.pdf
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https://www.ti.com/lit/ds/symlink/ina126.pdf

Quiz: (IA) topologies: two-amp || Answer

5. Using the INA126 (TI's micro-power IA), what value of Rg do you need to
achieve a signal gain of 105V/V?

a) Rg=100Q

b) Rg=200Q <

c) Rg = 800kQ %\6

d) Rg = 800Q Go to the product datasheet:

https://www.ti.com/lit/ds/symlink/inal26.pdf

_ ( 80kﬂ>
Gain= 54+ —
Rg
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Quiz: (IA) topologies: two-amp || Question

6. What is the differential gain of the following circuit?

= 10kQ
a) Gain=1.1V/V B vy il
b) Gain =2V/V
= -15V

c) Gain =0.1V/V Ref AL >

N VO2 _
d) Gain =10V/V V‘;ND +A2 RZMKQ

Vd/2<1> e R1 = 10kQ -15V
VCM ?— AMA—L
+ Al Vout
Ko V%) Vd/2 >

+15V
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Quiz: (IA) topologies: two-amp || Answer

6. What is the differential gain of the following circuit?

= 10kQ
a) Gain =1.1V/V B VY vl
b) Gain =2V/V
= -15V

c) Gain =0.1V/V Ref AL >

N VO2 _
d) Gain =10V/V V‘;ND +A2 RZMKQ

Vd/2<1> e R1 = 10kQ -15V
VCM ?— AMA—L
+) Vvd/2 Al Vout
GND v<1‘> >

+15V
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Quiz: (IA) topologies: two-amp || Question

7. Using the INA156 (TI's rail-to-rail output swing |IA optimized for low-voltage,

single-supply operation), create a boundary plot for the following conditions:
— Voltage supply = 5V single supply
— Gain = 10V/V
— Reference = 2.5V
— Common mode voltage = 2V

*
e
% Use the INA Boundary Plot
calculator in the Analog Engineer’s
Calculator:

https://www.ti.com/tool/ANALOG-
ENGINEER-CALC
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https://www.ti.com/tool/ANALOG-ENGINEER-CALC

Quiz: (IA) topologies: two-amp || Answer

7. Using the INA156 (TI's rail-to-rail output swing |IA optimized for low-voltage,
single-supply operation), create a boundary plot for the following conditions:
— Voltage supply = 5V single supply ......commemens

&

— Gain = 10V/V
— Reference = 2.5V
— Common mode voltage = 2V

Use the INA Boundary Plot
calculator in the Analog Engineer’s
Calculator:
https://www.ti.com/tool/ANALOG-
ENGINEER-CALC

4.9656

4.5+

4-

35-

3_

E  2s-

=

2-

L=

1-

0.5-
0.0344 -1 "
-0.09 1 2

Select INA
oK INA156 A

Vin+ (Max)
2.124

——

Vin (dif Max)
249m
1.875

Vin - (Max)

Vin (dif Min)
-249m

¥

2124
Vin - (Min)

Help
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Quiz: (IA) topologies: two-amp || Question

8. True or false: In an integrated two-amp IA, all resistors are absolutely
matched in production
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Quiz: (IA) topologies: two-amp || Answer

8. True or false: In an integrated two-amp IA, all resistors are absolutely
matched in production

TRUE
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Quiz: (IA) topologies: two-amp || Question

9. Which of the following statements is true regarding the relationship between
Ref and VCM to Gain?

a) The further apart Ref is to VCM, lower gains can be achieved
b) The closer Ref is to VCM, lower gains can be achieved

c) If Ref =VCM, gain <1 V/V can be achieved

d) If Ref << VCM, any gain can be achieved
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Quiz: (IA) topologies: two-amp || Answer

9. Which of the following statements is true regarding the relationship between
Ref and VCM to Gain?

a) The further apart Ref is to VCM, lower gains can be achieved
b) The closer Ref is to VCM, lower gains can be achieved

c) If Ref =VCM, gain <1 V/V can be achieved

d) If Ref << VCM, any gain can be achieved
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To find more Instrumentation Amplifier
technical resources and search
products, visit ti.com/inas
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