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Analysis and Design of Instrumentation Amplifiers

Ivailo Pandiev!

Abstract — The paper presents the structure and the principle
of operation of the basic instrumentation amplifier (in-amp)
circuit employing three voltage-feedback operational amplifiers
(VFOAs). Based on the analysis of the principle of operation are
obtained equations for the transfer functions and formulas for
the most important static and dynamic parameters. Moreover,
using the obtained formulas is developed a design procedure and
recommendations for simulation modeling, using standard and
statistical analyses. The effectiveness of the proposed procedure
is shown by simulation modeling of sample circuits of in-amps.

Keywords — Analogue circuits, In-Amps, Programmable gain
in-amp, VFOA, Design procedure, Analogue simulation.

I.INTRODUCTION

The instrumentation amplifiers (in-amps) are essential
building blocks of data acquisition systems and are used to
extract a weak signal from a noisy environment [1-3]. In the
last ten years have been created many monolithic two- op
amps and three- op amps in-amps [4-6]. Since for the
monolithic in-amps the active and the passive components are
implemented within the same semiconductor substrate, they
can be closely matched. This will ensure that the amplifiers
provide a high CMRR. In addition, these components will stay
matched over temperature, ensuring good performance over a
wide temperature range. In comparison with the monolithic
in-amps, offered by the manufacturers of analogue ICs, the in-
amps with discrete passive components propose design
flexibility at low cost and can sometimes provide performance
unattainable with monolithic amplifiers, such as high band-
width.

The analysis of existing literature showed a wide variety of
books and technical documents [1, 7-13], which discuss
various aspects of the analysis and design of the in-amps. In
[1] and [8-13] the attention of the authors is focused primarily
on the principles of operation of the basic circuits of in-amps,
as well as some recommendations for selecting the values of
the feedback resistors are given. In [7] the authors presented a
procedure for designing in-amps realized on the basis of the
classic three- op amp circuit. Moreover, the procedure does
not include recommendations for calculating the output offset
voltage, as well as its temperature drift, frequency bandwidth
and equivalent output noise voltage. Also in [7] are not
defined recommendations for getting values of the feedback
resistors to obtain an optimum value of the CMRR.

In this paper on the basis of theoretical analysis of the
three- op amps in-amps with discrete passive components a
new systematic design procedure is proposed.
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Il. THEORETICAL ANALYSIS OF THE THREE- OP
AMPS IN-AMPS

An object of study is the circuit of the three- op amp in-
amp, given on Fig. 1. The input section consists of two op
amps with negative feedback through the resistors R,, Rj

and Rgp - It has a symmetrical input and output. The output

section of the circuit is a differential amplifier with a differen-
tial input Uap and a single-ended output U, with respect to a
reference terminal REF.
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Fig. 1. A structure of the three- op amps in-amp circuit

At condition, that the op amps are ideal active elements and
Re

. = R—F for the differential voltage gain is obtained
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input section and A, = = FFZ—F is the differential gain of
1
the output section.
From equation (1) it can be seen, that the necessary voltage
gain for differential signals can be varied by changing the

value of the resistor Rg,y » Without affecting the symmetry of
the circuit. If Rgan =0 the input section operates as a
voltage follower and the differential voltage gain of the circuit
is determined only by the gain of the output section.

At condition, that the op amps are real active elements
(Ay = ) at high frequencies the open-loop voltage gain is a
complex quantity, which in the most cases can be approxima-

ted with a first-order transfer function, according to the follo-
wing equation
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where Ay, is the low-frequency open-loop voltage gain and

f, is the dominant pole of the op amps.

Then the total complex voltage gain of the in-amp is
obtained as a second-order transfer function, containing two
real poles. Thus the pole frequencies at R,=Rs;=R are

f;;1 = fo12) @+ B1Ayoa(2)) and (33)

fo2 = foal+BaAs0s) (3b)

where Aygq5 and Ayo, are the low-frequency open-loop
gains of the input and output sections, f,) and f,; are the

dominant pole frequencies of the op amps and
B, __Rean/2 oy B, =R, /(R +Rg) are the feedback

coefficients of the input and output section, respectively.
In the cases when A4, > A,, the pole frequency of the

input section determines the cutoff frequency of the in-amp at
high frequencies, i.e. the cutoff frequency f,, corresponds to
value of the pole frequency f;,l.

Since each part of the input section on Fig. 1 is a non-
inverting amplifier, the input resistance of the in-amp is high
and is equal to

Ria = 2{2ricm Il [fig @+ By Ao )]} (43)

where ricy IS the common-mode input resistance, ry is the
differential-mode input resistance and Ay, is the open-loop

voltage gain of the input op amps.
The output resistance is small and is determined by
0

e
Ado,3

where r, is the output resistance of the output op amp.

If to the both inputs of the in-amp common-mode voltage
(Ujy =U;, =Ujcwm ) is applied, then Ug =U; =U; and
U, =Up =Ujcy - Therefore, the common-mode gain of the

input section is equal to one.
Then mathematically, the total common-mode rejection of
the in-amp is

r, Re

_J,

R
oA Ry

(4b)

CMRR = 4,;;CMRR,, (5)

where CMRR; =CMRR;_ |CMRR, , CMRR,_ is the

common-mode rejection of the output amp and
CMRRs =(1+Rg /R;)/48; (8g is the tolerance of the

resistors R;, Rg, R;and R ).
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The total output offset voltage of the in-amp on Fig. 1,
caused by the simultaneous action of the input offset voltages
Uiz and currents i,y of the op amps is

In the worst case U;,; =—U,,, , then the value of the output
offset voltage is
Re

R j_ IioBRF'

1

R, + Ry | Re

Ry

1+-—F

R
R j_ Iio?:RF

Uo,err = (U iol -U i02)[1+
1

GAIN
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Re |

Uo,err(max) =2U iol[l"' R
1

+ Uio3[l+ (6)

During the implementation of the input section with dual op
amp it is possible the output offset, determined by the input
offset voltages, to be compensated. The monolithic dual op
amp has the advantage, that its components are implemented
with the same microelectronic technology and have equal
temperature drifts. However, obtaining the same electrical
parameters of the two amplifiers is largely accidental. For the
worst case the output offset voltage AU, . , produced by the

temperature drift of the U35y and i), is

e

]_ AIio3RF '

Re |
Rl

AU =2AU

o,err
GAIN

+AU io:{1+ Re )
Rl
where AU, =ay AT and Alj, =a, AT (oy and o, are

the average temperature coefficients of the input offset volta-
ge and current, respectively).

I11. DESIGN PROCEDURE

The above analytical formulas, as a result of the theoretical
analysis, are the base of the design procedure for the three-op
amp in-amps. The schematic design for the circuit on Fig. 1 is
based on the following sequence:

1. Technical specification. The circuit elements are calcu-
lated using pre-defined: amplitude of the differential-mode
input voltage U;y or amplitude of the input differential vol-

tage source e with internal resistance Rg; amplitude of the
input common-mode voltage Ujq, ; input resistance Ria;
amplitude of the output voltage Up and load resistance R ;
output resistance R,,; cutoff frequency f,, at maximum

acceptable attenuation coefficient M, ; relative error g;, [%]
defined by the input offset current and voltage, as well as their
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temperature drift €,;, [%] within temperature range AT ;

minimum value of a signal-to-noise ratio SN [dB].
2. An electronic circuit is selected. An object of an analysis
and design is the in-amp circuit shown on Fig. 1. If assume

that R, =R; =R and R, =R, =Rg =R, then 4,, =1 and
A, = A, - Based on the formulas (1) and (5) for the differen-
tial gain and common-mode rejection are received
p, <Yon _p, J;
Ui 28¢

2R 2R
The typical values for the differential gain A, are in the

and CMRR = [1+
GAIN RGAIN

range 1...10%. In the case that with the selected op amp can
not be achieved the desired differential gain A, , but it gets

the desired value of the CMRR for the designed in-amp
consequently an inverting or a non-inverting amplifier circuit,
employing VFOA has to be connected [2].

3. The op amps are selected. For the implementation of the
input section usually is selected dual precision op amp (for
example OP2177 or AD8698) with high common-mode
rejection (>100dB ), small input bias currents (<1nA), and
small input offset voltage (<1mV ). The output op amp is a
single precision amplifier (for example OP1177 or OP177),
that provides the maximum output voltage at a given load.
Usually for the precision op amps the maximum output
current does not exceed several mA and they no have short-
circuit current protection. In addition to the pin marked with
REF , can be applied an external voltage Vggr from a refe-
rence voltage source. The Vgee define the signal ground of
the in-amp at single power supply. The op amps of the circuit
are selected according to the following conditions:

— Common-mode rejection: CMRRAm) >10xCMRR;

— Maximum output voltage for the op amps of the input
section: Uom, A, =Yom +Uicu (v is the maximum

output voltage of the input op amps);
— Maximum output voltage of the output op amp:
Uom,a, ZUom +Vrer for Veee 20 (Ugy 4, is the maximum

om, Ayp)

output voltage of the output op amp);
— The power supply voltage V.. is selected higher than

maximum output voltages Uom, A, and U, 4, , as saving

the condition Ve min <Vee <Vee max
— Maximum output current Iy o, > o . Where

lom =Uom /Ry (for Vgee # 0 is found

lom = (Uom +VREF)/ RL);
Small-signal bandwidth of the

input op amps:

f > fy, where fy = f, /M7 -1 and fy, - isacut

PA 01(2)
off frequency of the closed-loop gain | AU l=A,(F);
Small-signal bandwidth of the output op amp:
By, > i, where fy=f,/{/MZ-1 and By, is the unity
gain bandwidth;
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— Slew rate is selected SR Aoy 2nf Ugm -

4. The values of the feedback resistors R, and R; are
selected: Select R, = R; = R. These resistors should be larger
than the minimum value Ry pin =Uom o, / lomax.a,, - Other-
wise, it can be overload the output stages of the input op
amps. On the other hand, the resistance R, have not be
greater than the maximum value R, .., for precision op amps
the resistance have not be higher than 1... 2MQ . For larger
values of R, it increases the influence of the U;,, I;, and
noise.

5. The value of the gain resistor Rg,y IS calculated:

Rean =2R/(Ay -1).

For the resistors R,, Ry u Rgay are selected standard
values, usually with a tolerance of +1% or less.

6. The values of the feedback resistors R,, R;, Ry and
Re are selected: Select R, =R, =R =Rg (4y, =1).These
resistors should be larger than the minimum value
Re min =Yom,a,  lomax.a, - Otherwise, it can be overloaded the
output stage of the output op amp. On the other hand, the
resistances have not be greater than 1... 2MQ .

7. The necessary value of the tolerance 8y of the resistors

R, R, Re and Rq are calculated:

A
- 2xCMRR

8. The input and output resistance is calculated using Eq.
(4a) and (4b), respectively. The obtained values for the input
and output resistance is compared with the values given in
step 1 of the procedure.

9. The output offset voltage of the circuit is calculated. First
the output offset voltage for room temperature (usually in
data-sheets the input offset voltage and current of the op amp
is defined at 25°C) is calculated according to Eq. (6). Then

the relative error &, = (U, o /Ug )100% is compared with

Sg 100% .

the value given in step 1.

10. The output offset voltage drift is calculated. First the
output offset voltage drift is calculated by Eq. (7) for the
given temperature range AT . Then the relative error
€aio = (AU g err /Ug )100% , is compared with value the given

in step 1. If the results for ¢;, and g,;, do not satisfy the
specification it can be chosen more precision op amps or to
make new calculations for the resistances with lower values.
11. The signal-to-noise ratio (SN) is calculated. First the
resulting noise density at the amplifier’s output is calculated:

S_U,out = {ZSSI fori=12,..,
i

where S, is the individual noise components.
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Uo,eff _ Uo,eff

U oN S_U ,out 4/ Beq

the bandwidth of the circuit multiplied by the correction factor
of 1/2= 1,57 and U, « is the output effective value.

Then SN =

, where B, =157f, is

12. Verification check of the designed in-amp in DC and
AC domain by using Cadence OrCAD®.

IV. SIMULATION TESTING AND ANALYSES

To verify the theoretical analysis and the proposed proce-
dure a digitally programmable gain in-amp (PGiA) (Fig. 2)
was implemented with the following pre-defined parameters:
Uy =0...£10mV, +£20mV, +40mV and +80mV at

Rg =5KQ; R;p 210MQ; A, =250, 125, 62,5 and 31,25 at
R, =2kQ; CMRR=90dB; Ry, <1Q; f,=100Hz at
My, =3dB; &, <05%, ¢€,,<0,2% (within temperature
range AT =40°C); SN, >80dB .
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Fig. 2. A structure of the designed PGiA circuit

The circuit is designed using VFOA OP1177 and OP2177
(from Analog Dev.), biased with +5V supplies. The verifyca-
tion check of the circuit was performed within OrCAD
PSpice, using corresponding PSpice-based macro-models. The
models reflect typical values of the datasheet parameters for
power supply voltages +15V and not capable of simulating
some of the input parameters and the temperature effects.

The values of the calculated passive in-amp components
are: R, =R3=10kQ+1%,Rg; =80,6Q+1% (at A,; =250),
Rg, =162Q+1% (at Ay, =125), R53=324Q+1% (at
Ay3=625), Rz, =665Q+1% (at A,,=3125) and R;=
=R';=Re=R'=10kQ with tolerances +0,1% . The controlling
digital word D for the in-amp will provide gains of 31,25,
62,5, 125 and 250, through synchronous switching of the two
groups of switches (Ka1-Kas) and (Kgi-Kgs) With the decoder.

In Table 1 are presented the calculated parameters and the
simulation results for the designed in-amp. The maximum
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error between calculated values of the electrical parameters
and the simulation results is not higher than 5%. Moreover, an
error of 5% is quite acceptable considering the tolerances of

the technological parameters.

TABLE |

COMPARISON BETWEEN CALCULATED PARAMETERS AND
SIMULATION RESULTS FOR THE DESIGNED IN-AMP.

Parameter Cal. results Sim. results
Uoerr from 0,03mV to from 0,032mV to
1...7,5mV 0,95...7,56mV
So from 0,001% to from 0,0012% to
0,04...0,3% 0,038...0,3%
AU, e from 0,014mV to nla
0,5...4mV
Elio from 0,0005% to nla
0,02...0,16%
Uom 2,5V 2,5V

f'n at Ay= 250, 125,
62,5 and 31,25

5,68kHz, 11,4kHz,
22,7kHz, 45,5kHz

5,75kHz, 11,5kHz,
22,3kHz, 45,6kHz

Ria / Roa 2.10%Q / 0,03mQ 1,93.10%Q / 0,03mQ
CMRR 90dB 96,38min ... 98,260B e
Sy out 8t Re1=80,6Q 2,85pV/HzY? 2,91uV/HZ"
SN 93,9dB 93,7dB

V. CONCLUSION

A design procedure of three- op amp in-amp circuits has
been presented. The efficiency of the procedure is demonstra-
ted by design and verification of concrete electronic circuits
using precision VFOAs OP1177 and OP2177. The created
approach can be useful for design of various electronic devi-
ces, such as precision amps, PGiAs and high-speed video
amps.
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