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INTRODUCTION

Many sensors have millivolt-level outputs — e.g.,
Motorola’s MPX10 pressure sensor, when powered with a 5
V supply, typically has a 58 mV dynamic range (the difference
between the output at full-scale pressure and zero pressure
and is commonly referred to as the “span”). Therefore,
amplificationis required to signal condition the sensor’s output
to a usable range (e.g., input to an A/D converter, etc.). This
paper will show you how to properly amplify and level shift the
sensor’s output to customize the sensor’s span for a specific
application. Additionally, because sensors have process
(device—to—device) variations in their zero pressure offset
(commonly referred to simply as “offset”) and span, this paper
will also show you how to properly design the amplifier so that
regardless of these process variations, the desired sensor
outputis still attainable. While the design procedure described
here is applicable to low—level, differential-output signal
sensors in general, the examples presented will be with
pressure sensors.

This paper is intended for two types of situations:

Situation 1. Applications for which the device—to—device
variations of a sensor are known from a data sheet. This
paper will lead you through an easy step—by-step design
procedure to design an amplifier that accommodates
these device—to—device variations so that for a sensor
with a specific offset and span, an easy hand calibration
of two potentiometers can obtain the desired output
transfer function.

Situation 2. The device characteristics for the specific sensor
to be used in the application can be measured before
placing the sensor into the circuit (i.e., the sensor’s offset
and span are known) so that a specific amplifier can be
designed for that sensor (exact resistor values are
calculated to position the offset at a desired level and to
set the gain for the desired span). This is a specific case
of Situation 1 that uses a simplified form of the design
procedure.

Note: Although temperature variations in the sensor’s output
do impact the overall system performance, the topic of
temperature compensation (either hardware or software
temperature compensation) is lengthy and left for future
discussion (A Cookbook Approach to Designing Temperature
Compensation Circuits for Sensors?).

This paper is a “how to” paper. Although it incorporates
sound engineering design principles, those principles will not
be explained throughout the paper. Instead it focuses on the

mechanics of doing some simple calculations, selecting

resistors, and calibrating the final circuit in a step—by-step

manner. For those interested, a supplemental appendix
summarizes the reasons behind the design.

Using three examples, the following will be presented in this
paper:

« Aflexible, minimal component, three—operational amplifier
gain stage that is ideal for most differential-output signal
sensors.

e A cookbook design procedure that accounts for all
device—to—device variations so that a hand calibration of
two potentiometers gives the desired transfer function for
the application. This design procedure applies to both
Situations 1 and 2; however, for Situation 2, the design
procedure is simplified since no hand calibration is
required.

« A step-by-step guide to resistor value calculation and
selection.

* An easy—to—follow calibration procedure of the circuit you
just designed. The calibration procedure only applies to
Situation 1.

« Two design examples for Situation 1 will be presented.

« One design example will be presented for Situation 2 that
shows you how to apply the general design procedure to
this specific situation.

¢ Asupplemental appendix that summarizes the sound engi-
neering design principles applied to this amplifier design.

THE STEP-BY-STEP DESIGN PROCEDURE

The following design procedure is intended to be a
step—by—step, cookbook approach to designing the amplifier
for a specific application. The required steps in the procedure
are numbered. All that is needed is the sensor data sheet for
the specific sensor to be used in the application (Situation 1)
or the measured values of the offset and span of a specific
sensor (Situation 2), a calculator, some paper, and a pencil.

The general design and calibration procedure apply to both
Situations 1 and 2. But the entire procedure is not necessary
in Situation 2 (i.e., no calibration procedure is necessary);
therefore, a simplified form of the design procedure is applied
to Situation 2 in a straightforward example. For either
situation, the required formulas are presented in a format that
lends them to a simple plug—n—chug method of calculating
values for resistors, gain, etc. The formulas can easily be
implemented in an Excel spreadsheet format or software
program to further simplify the procedure.
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Figure 1. Three—Operational Amplifier Gain Stage with Positive and Negative Level Shifting Capability

Situation 1: Designing the Circuit

Figure 1 shows the recommended amplifier stage that
provides excellent flexibility for most (** see Important Note at
the end of the Appendix) differential-output signal sensors.
The circuit used for this design procedure and its examples will
use a regulated Vcc =+5 V.

The potentiometer, RG, adjusts the gain to either calibrate
or quickly customize (change) the span for a specific
application.

The voltage, V+shift, created by the resistor divider
comprised of R+shiftl and R+shift2 positions the offset at the
desired level. For example, if after applying a desired amount
of gain, the offsetis 0.25 V and the desired offset is 0.50 V, then
a V+shift of 0.50 V —0.25 V = 0.25 V is required. V+shift only
provides a positive offset shift. Setting the voltage, V+shift, is
accomplished by adjusting the potentiometer, R+shift2.

The voltage, V-shift, is similar to V+shift except that it only
provides a negative level shift and is used to decrease the
offset to a desired level. For example, if after applying a
desired amount of gain, the offset is 1.00 V and the desired
offset is 0.50 V, then a V—shift of 1.00 — 0.50 V = 0.50 V is
required. Setting the voltage, V—shift, is accomplished by
adjusting the potentiometer, R—shift2.

During the calibration procedure, RG, R+shift2 and/or
R—shift2 (depending on whether a negative or positive level
shift is required to position the offset at the desired level) are
the only circuit components that are adjusted to
calibrate/customize the sensor’s amplified offset and span.

Step 1: Obtain the sensor data sheet. Before designing the
circuit, obtain the data sheet for the sensor. The necessary
values to design the amplifier are the sensor’'s maximum and
minimum offset values and the maximum and minimum
values of its span. For the first design example, which will be
presented simultaneously with each step of the design
procedure, Table 1 shows the offset and span parameters for
Motorola’s MPX10 pressure sensor. A complete data sheet
(including temperature coefficients, linearity, hysteresis, etc.)
for the MPX10 can be found in Motorola’s Sensor Device Data
Book (DL200/D, rev. 2). The data book can be obtained by

calling Motorola’'s Sensor Technical Marketing at (602)
244-4556.

Table 1. Span and Offset Characteristics at 3 V
Excitation Voltage

MPX10
Min. Span Max. Span Min. Offset Max. Offset
(mv) (mv) (mv) (mv)
20 50 0 35

Step 2: Many sensors’ outputs are ratiometric to the supply
voltage. Many sensors have an output that is ratiometric to
the supply (excitation) voltage. Therefore, the data sheet for
the sensor will indicate for what excitation voltage the span
and offset values apply. The span and offset characteristics
must be scaled to represent the supply voltage used in the
application. The following formula is applied to each sensor
characteristic that is ratiometric to the supply voltage:

Sensor Characteristic @ Application’s Supply Voltage
= Sensor Characteristic Stated in Data Sheet
. Application’s Supply Voltage Value
Supply Voltage Value Stated in Data Sheet

Table 2. Span and Offset Characteristics at 5 V
Excitation Voltage

MPX10
Min. Span Max. Span Min. Offset Max. Offset
(mV) (mV) (mV) (mV)
33.3 83.3 0 58.3

Step 3: What's your desired amplified span and offset? Each
application has its own required amplified span and offset
voltage. For example, if the sensor’s output is to be input to an
A/D converter with 0 V and 5 V reference voltages, a typical
amplified sensor span is 4.0 V with an offset of 0.5 V (i.e., the
sensor’s span is 4.0 V beginning at 0.5 V for zero pressure to
4.5V at full-scale pressure).

Motorola Sensor Device Data



For the MPX10 example, the sensor’s output is intended to
be input to an A/D as just mentioned. Therefore, the desired
span is 4.0 V with an offset of 0.5 V.

Step 4: Calculate gain range. Calculate the maximum and
minimum gains required to achieve a 4.0 V span when
considering the device—to—device variations in the sensor’s
span.

Desired Span (V)
Sensor’'s Minimum Span

Maximum Gain =

Desired Span (V)
Sensor’'s Maximum Span

40V
“gamv _ ®

Step 5: Do you need a positive or negative level shift, or
both? Depending on what the range of the amplified offset
voltage is due to device—to—device variations of the sensor’s
inherent offset, you may need a positive or negative or
possibly both types of level shift to position the offset voltage
at the desired level. So first calculate what the maximum
possible range of the amplified offset is only due to the
sensor’s inherent offset voltage.

For the MPX10:

Minimum Gain =

Offsetl = Max. Gain ¢ Sensor’s Max. Offset
=121583mv=7.05V

Offset2 = Min. Gain ¢ Sensor’s Min. Offset
=48.0=00V

In this example, the maximum range between the amplified
offsets is 0.0 V to 7.05 V. Therefore, depending on the specific
MPX10 sensor, we will need either a positive or a negative
level shift —i.e., for any offset voltage greater than 0.5V, [ will
need a negative level shift to bring down the offsetto 0.5V, and
for any offset voltage less than 0.5V, I will need a positive level
shift to bring up the offset to 0.5 V.

Step 6: How much positive or negative level shift do you
need? Using Offsetl and Offset2, calculate the required
level shift range.

V+shift = Desired Offset — Offsetl
=05V-705V=-655V

V+shift2 = Desired Offset — Offset2 =05V -0.0V =05V

If the value of either Vshiftl or Vtshift2 is positive, then a
positive level shift is required; alternately, if the value of either
Vshiftl or V+shift2 is negative, then a negative level shift is
required. Therefore, in order to calibrate any randomly—
selected MPX10 series sensor to have a 0.5 V offset, we may
need a negative level shift (Max. V—shift) as highas 6.55V and
a positive level shift (Max. V+shift) as high as 0.5 V.

Summary of Steps 1 to 6:

Up to this point, we calculated the required gain range to
establish the desired span (4.0 V in the MPX10 example)
using the device—-to—device variation characteristics found in
the sensor’'s data sheet. In subsequent steps, we will
determine resistor values and the value of the potentiometer,
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RG, in order to adjust the amplifier’s gain over the calculated
gain range.

From the gain range, we calculate how the amplified offset
can vary. Depending on the value of this amplified offset, a
positive or negative or both types of level shift may be required
to position the offset at the desired level. Again, the sensor’s
inherent offset variations dictate how much positive or
negative level shifting is required.

Before beginning to calculate resistor values, it is helpful to
tabulate the results from Steps 1 through 6 so that the values
are easily accessible for the resistor calculations.

Table 3. MPX10 Summary Data

Max. Max.
Max. Gain Min. Gain V-shift (V) V+shift (V)
121 48 6.55 0.5

Step 7: Calculate resistor values to set the gain. A note on
resistor and potentiometer selection: 1% tolerance metal thin
film (low temperature coefficient) resistors are recommended.
Unless noted, use the closest—valued resistor to the
calculated value. For potentiometers, the more turns (i.e., how
many complete turns can be made going from its zero to
full-scale resistance) it has, the finer the adjustments that can
be made for the gain and offset calibrations.

Set R7 =10 kQ
Before calculating R6, calculate the following ratios:

Vce _ 5.0V

Max. V_shift _ 6.55 v _ 0763

Ratio—shift =

_ o \ele: _50V_
Ratio+shift = Max. V+shit _ 05V 10

If Ratio+shift > Ratio—shift, then

Vce

I Max. V-shift

> 1, then R6=R7;
Vcc

otherwise, R6 <R7« 1 —0= e

If Ratio+shift < Ratio—shift, then

Vce

I ax. v+ shift

> 1, then R6=RY,
Vce
Max. V + shift

For the MPX10 example, since Ratio+shift > Ratio—shift and
Ratio—shift < 1,

otherwise, R6 < R7

5.0V
6.55 V

The subsequent equations are more convenient to
calculate if the ratio of R7 to R6 is an integer (e.g., 2, 3, etc.
while making sure that the required “R6 < . ...” equation is
satisfied). Therefore, make the ratio of R7 to R6 an integer (in
this example the ratio is 2):

R6 =5 kQ
Typically, set R2 = R3 =100 Q
For MPX10 example, R2 = R3 = 1.00 kQ

R6 <10 kQ » = 7.63 kQ

Motorola Sensor Device Data
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R2 and R3, depending on the gain requirement, are typically
between 100 Q and 2 kQ . However, the lower their values, the
better (see Appendix for explanation).

Rl = R4 = 0.80-N"n'—c|’?a7in—1 . R2
1+RL
= logo»— 48 _1|.100kQ = 118 k@
1. 100k
5.00 kQ

R1 and R4 should be at least 10 kQ. Since R1 and R4
should be at least 10 kQ, select values for R2 and R3 (keep
them equal) to satisfy this constraint. It is okay to increase the
values of R2 and R3 above 2 kQ to satisfy the constraint. The
explanation of this constraint is explained in the Appendix.

2*R4
R5 = -
Max.Gain _ R4 1
1+R7 T R2
R6
2 =11.8 kR
= = 857 Q
121 _118kQ 4
1+ 10.0kQ  1.00 kQ
5.00 kQ

When selecting the resistor for R5, make sure its value is
equal or less than the calculated value.

The maximum required value for the potentiometer is

2=R4

~ Min. Gain _R4 _,
1+R7 T R2
R6

2 +11.8 kQ
= — 857 Q = 6.52 kQ
48 11.8 kQ 1 8 65

10.0kQ ~ 1.00kQ
1+ 5.00 kQ

- R5

Note on R5 and RG:

If a larger or smaller value for R5 and RG is desired, you
may change the 0.80 fraction inthe “R1=R4 =. . . .” equation:
* A larger fraction (but always < 1) will result in a larger

calculated value for R5 and RG.

* A smaller fraction (but not 0) will result in a smaller
calculated value for R5 and RG.

Step 8: Calculate resistor values to adjust the offset to the
desiredlevel. Thefinal stepisto calculate the resistor values
and potentiometer ranges for the level shifting (positive or
negative).

Important Note: Power consumption through the resistor
dividers that create the positive and negative level shifts has
been considered so that it is kept to a moderate level ata 5V
supply. If a supply of greater than 5 V is used, please consult
the Appendix on this topic.

For a positive level shift:
Set R+shiftl =0.1« R1=0.1+ 11.8 kQ = 1.18 kQ

%ﬂhiﬁ « R+ shiftl
(1+ R_6) *Vee
R+ shift2 =
! 1 — _Max.V+shift
(1 + %) *Vee
0.5V » 1.18 kQ
1+ 200ke) .50y
5.00 kQ
_ =41 Q
1_ 0.5V
10.0kQ) ,
(1 " 5.00 kQ) >0V

Optional: For various reasons, there are times when a
potentiometer (instead of a fixed—value resistor) may be used
for R+shiftl in addition to the potentiometer used for R+shift2.
To give some of you the sense of completeness on this
discussion, the formula is presented below:

Select potentiometer with maximum value of at least
R+shift2 = 0.1 «[R1

Use the selected maximum value of the potentiometer (not
the calculated value) to calculate R+shift1:

R+ shift2 = Vcc
Max. V+ shift

1+ RZ
R6

R+ shiftl = — R+shift2

For a negative level shift:

Set R—shiftl = 0.1 «[{R6 + R7)
= 0.1 +[{5.00 kQ + 10.0 kQ) = 1.50 kQ

Max. V=shift| = 5 _op;
R7 .y R-shiftl
R 'CC

_ _Max. V—shift

1+Eé'VCC

R—shift2 =

6.55V
10.0kQ .50V

5.00kQ
= = 2.85 kQ
1_ __ 655V

10.0kQ ,
5.00 k2 S0V

Optional: For various reasons, there are times when a
potentiometer (instead of a fixed—value resistor) may be used
for R—shiftl in addition to the potentiometer used for R—shift2.
To give some of you the sense of completeness on this
discussion, the formula is presented below:

* 1.50 kQ

Select potentiometer with maximum value of at least
R—shift2 = 0.1 «[{R6 + R7)
Use the selected maximum value of the potentiometer (not
the calculated value) to calculate R—shift1:

R-shift2 = Vcc
Max. V=shift

R7
R6

R-shiftl = — R-shift2

Motorola Sensor Device Data



Table 4 summarizes the 1% resistor values for the fixed
resistors and the full-scale resistance values for the
potentiometers to aid in the circuit construction.

Table 4. Resistor Values for the MPX10
Amplifier Design

AN1557

Table 5. Span and Offset Characteristics at 10 V
Excitation Voltage

R1 R2 R3 R4 R5 R6 R7
kQ) | kQ | kQ | Q) ©@ kQ) | Q)

MPX2010
Min. Span Max. Span Min. Offset Max. Offset
(mV) (mV) (mV) (mV)
24 26 -1 1

11.8 1.00 1.00 11.8 845 5.00 10.0

RG R+shiftl | Reshift2 | R-shiftl [ R-shift2
(Pot.) Q) (Pot.) (kQ) (Pot.)
10 kQ 1.18 50 Q 1.50 5kQ

Step 2: Many sensor’s outputs are ratiometric to the supply
voltage.

Table 6. Span and Offset Characteristics at 5 V
Excitation Voltage

MPX2010
Min. Span Max. Span Min. Offset Max. Offset
(mV) (mV) (mV) (mV)
12 13 -0.5 0.5

Step 9: Go build your circuit!

Step 10: Calibration. Now that you have built the circuit, it
can be calibrated. The following steps are a simple procedure
that calibrate the circuit. There are other calibration
techniques possible, in addition to the one presented here.
First, set up the circuit as needed, connect Vcc (typ. 5 V),

and monitor the circuit’s output voltage (Vg in Figure 1) with a

digital multimeter. Make sure all the potentiometers are turned

to their zero-resistance setting (short circuits). Turn on the
circuit’'s power.

1. Apply zero pressure to the sensor (or the lowest pressure
to be measured in the application).

2. Adjust either R+shift2 or R—shift2 to position the offset at

the desired level (in the MPX10 example, the desired

offset is 0.5 V).

Apply the application’s full-scale pressure to the sensor.

4. Adjust RG until the full-scale output is attained (in the
MPX10 example, the desired full-scale outputis 4.5V —
i.e.,, a4.0V span added to a 0.5 V offset).

5. When you adjust the gain, the sensor’s inherent offset
will be affected slightly by the gain adjustment. There-
fore, the offset will have moved. Simply perform an
iteration of items 1 through 4 until the desired offset and
span are obtained (1 to 2 more iterations).

6. At this point, you can integrate the sensor and amplifier
design into your overall system design. You may, at your
option, measure the resistance values of RG, R+shift2,
and R—shift2 and replace them with the closest-value
1% resistor.

w

Design Example Two: From Start to Finish

This design example works through the step—by-step
process with little or no explanation. It is intended to show you
how simple and quick this amplifier design procedure can be.

Step 1: Obtain the sensor data sheet.

Step 3: What'’s your desired amplified span and offset?

Desired offset: 0.5 V
Desired span: 4.0 V
Step 4: Calculate the gain range.

- o _ 40V _
Maximum Gain = 12 mv 334

- _ 40V _
Minimum Gain = 13 mv 307

Step 5: Do you need a positive or negative level shift, or both?

Offsetl =334« 0.5 mV =0.167 V
Offset2 =334+ (-0.5mV) =-0.167 V

Important Note: Notice that the Offset2 is calculated using the
Maximum Gain instead of the Minimum Gain as was shown
previously. Why? Remember, that we want the largest range
in the amplified sensor offset. In this case, when one of the
sensor’s offsets is negative and the other positive, the largest
range in the amplified sensor offset is when both Offsetl and
Offset2 are calculated using the maximum gain.

Step 6: How much positive or negative level shift do you need?
Vshiftl= 0.5V — (-0.167 V) = 0.667 V
V+shift2= 0.5V - 0.167 V = 0.333 V

Thus, only a positive level shift is required. In this case, you
can define the level shifts as Max. V+shift (for 0.667 V) and
Min. V+shift (for 0.333 V). Likewise, if only a negative level
shift were required, you could define them, for example, as
Max. V=shift (for the most negative level shift) and Min. V—shift
(for the least negative level shift). For the subsequent
calculations, always use Max. V+shift and Max. V—shift (not
applicable in this example).

Table 7. MPX2010 Summary Data

Max. Gain

Min. Gain

Max. V+shift
(V)

Min. V+shift
V)

334

307

0.667 V

0.333V

Step 7: Calculate resistor values to set the gain.

Motorola Sensor Device Data
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R7 =10kQ
Ratio—shift = Not Applicable (no negative shift required)
; o _ 5.0V _
Ratio+ shift = 0.667 V 7.496

Since Ratio+shift > 1,
R6 = R7 =10 kQ
SetR2=R3=100Q

. 307 4
1 4+ 10.0kQ
10.0kQ

*= 100 = 12.2 kQ

2 212.2 kQ
RS = 334 _122kQ 4 551 @

10.0kQ 100 Q
L+ 10.0kQ

22122 kQ
RG = 307 _12.2kQ_1_551Q_2429

10.0kQ 100 Q
L+ 10.0kQ

Step 8: Calculate resistor values to adjust the offset to the
desired level.

R+shiftl = 0.1 «[12.2 kQ = 1.22 kQ

0.667V

10.0kQ) .
(1+ 10.0kQ) S0V

» 1.22 kQ

R+ shift2 = =872 Q

0.667V

10.0kQ) .
(1+10_0k9) 5.0V

Since no negative level shift is required in this example, the
terminal of R6 that connects to both R—shiftl and R—shift2 is
connected to ground (i.e., the circuit does not require the
resistors R—shiftl and R—shift2). Likewise, if no positive level
shift were required, the terminal of R1 that connects to both
R+shiftl and R+shift2 would be connected to ground.

Table 8. Resistor Values for the MPX2010
Amplifier Design

R1 R2 R3 R4 R5 R6 R7
kQ) @ ©@ k) [ Q) | kQ) [ Q)

12.2 100 100 12.2 523 10.0 10.0

RG R+shiftl R+shift2 R—shiftl R—shift2
(Pot.) kQ) (Pot.) (kQ) (Pot.)
500 Q 1.22 100 Q N/A N/A

Step 9: Go build your circuit!
Step 10: Calibration. Pick up an MPX2010, and have fun!

Situation 2: Example Amplifier Design

Using Motorola’s MPX906 pressure sensor (see the Sensor
Device Data Book for its data sheet), the example shown here
uses most of the steps of the design procedure presented

before. However, since there are no device—-to—device
variations to consider (sensor’s output characteristics have
been measured), some of the equations have been simplified
or are not required. Using this example as a model, you will be
able to design an amplifier that exhibits the desired transfer
function for your application with no hand calibration required.

Important Note: Even though this design procedure will show
you how to accurately design the circuit so no hand calibration
is necessary, resistor tolerances and op amp non—idealities
may cause some error in the final output transfer function.

Since this situation requires no adjustment of
potentiometers, the three op—amp circuit as presented before
requires fewer components. Namely, the feedback loop with
R5 and RG is eliminated. Also the potentiometers, R+shift2
and R-shift2, are replaced by fixed—value resistors. The
simplified circuit, shown in Figure 2, adheres to the same
constraints on resistor value selection as the circuit in
Situation 1.

Step 1. Measure the specific sensor’s offset and
span. Because the MPX906's offset and span are
ratiometric with supply voltage, make sure the device's
characteristics are measured when powered with the
system’s intended supply voltage.

Table 9. MPX906 Offset and Span Measurements at
5 V Excitation Voltage

Offset (mV) Span (mV)

-30.0 35.0

Step 2: What'’s your desired amplified span and offset?

Desired offset = 0.5V
Desired span =4.0 V

Step 3: Calculate the gain.

Desired Span (V) 40V
Sensor’s Span ~ 35.0 mV

Gain = = 114.3
Step 4: Do you need a positive or negative level shift? To
position the sensor’s offset at the desired level, a positive or
negative level shift is added to the sensor’s inherent offset.

First calculate the inherent offset after amplification:
Sensor’s Offset = Gain «[Dffset
=114.3+30.0 mV =-3.43V

Now calculate the positive or negative level shift (Vtshift)
required to position the offset at the desired level.
Vzxshift = Desired Offset — Sensor’s Offset
=05V —-(-3.43)=3.93V

If Vshift is negative, you need a negative level shift of that
magnitude; likewise, if it is positive, you need a positive level
shift. For the MPX906 example, a positive level shift (V+shift)
of 3.93 V is required to position the offset at 0.5 V.

To help you calculate the resistor values in subsequent
steps, you will find it helpful to tabulate the results from steps
1 through 4.

Table 10. MPX906 Summary Data
Gain V+shift (V)
114.3 3.93

Motorola Sensor Device Data



Vee

AN1557

ANA—

3
® MPX906
2

1 =

R-shiftl
R6 R7
V—shift 'AAY
R+shiftl R2 R4
§ R-shift2
4
R1 U1 g U1
i D R3 Ul =
Vshift MW 3| 0> AAA, SN 7 = 10,043 8 v
+ 5],082 + 0
R+shift2 o MC33274
1
A4S =

Figure 2. Three—Operational Amplifier Gain Stage with Positive and Negative Level Shifting Capability

Step 5: Calculate the resistor values to set the gain. A note
on resistor selection: 1% tolerance metal thin film (low
temperature coefficient) resistors are recommended. Unless
noted, use the closest—valued resistor to the calculated value.

Set R7 =10 kQ
Similar to Situation 1:

Vce

i aeri

‘ > 1, then R6 = RT:
Vece

OtherWISe, R6 = R7 = m

50V
3.93 V

R6 = R7 =10.0 kQ

Since

‘=1.27>1

As in Situation 1, subsequent equations are more
convenient to calculate if the ratio of R7 to R6 is an integer
(e.g., 2, 3, etc. while making sure that the required “R6 <. . . .”
equation is satisfied).

Set R2 =R3 =200 Q

R2 and R3, depending on the gain requirement, are typically
between 100 Q and 2 kQ. However, the lower their values, the
better (see Appendix for explanation).

Rl = R4 = - 1| * R2
R6
_ 1143 .| . _
=T oow 1| = 200 = 11.2 kQ
10.0kQ

R1and R4 should be atleast 10 kQ. Since R1 and R4 should
be at least 10 kQ, select values for R2 and R3 (keep them
equal) to satisfy this constraint. It is okay to increase the
values of R2 and R3 above 2 kQ to satisfy the constraint. The
explanation of this constraint is explained in the Appendix.

Step 6: Calculate resistor values to adjust the offset to its
desired level. To calculate the values of the resistors to set
the offset at the desired level, refer to Step 8 in Situation 1. Just
replace Max. V+shift with V+shift and replace Max. V—shift
with V—shift.

Referring to Step 8 of Situation 1 for the MPX906 example:
Since a positive level shift of 3.93 V is required:

R+shiftl =0.1 R1 =0.111.2 kQ =1.12 kQ

VF:?—S'““ « R+shiftl
1+ R7) .y
N ( R6) ce
+shift2 =
L ___ V+shit
1+ ﬂ) .V
( Re) * Vec
3.93 . 1.12 kQ
(1 + 100 kQ) - 5.0V
10.0kQ 15 6
B 1_ 3.93 B
10.0kQ) .
(1 * 100 kQ) S0V

Since no negative level shift is required, the terminal of R6
that connects to R—shiftl and R—shift2 should be connected
to ground (i.e., R—shiftl and R—shift2 are eliminated from the
circuit). Likewise, if no positive level shift were required, the
terminal of R1 that connects to R+shiftl and R+shift2 should
be connected to ground.

Table 11. Resistor Values for the MPX906
Amplifier Design

Motorola Sensor Device Data

R1 R2 R3 R4 R6 R7 | R+shiftl | R+shift2
kQ [ @ | @ [k |k | kD | (kQ) (©®)
11.3 | 200 | 200 | 11.3 | 10.0 | 10.0 1.13 732 Q

Step 7: Go build your circuit!
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APPENDIX: THE “WHY’'S” OF THE AMPLIFIER DESIGN

The following summarizes the engineering principles used
in the amplifier design.

A summary of the amplifiers’ (Figures 1 and 2) transfer
functions:

Both amplifiers with the given constraints exhibit excellent
common mode rejection and performance.

For the amplifier in Figure 1:
By setting R4 = R1 and R2 = R3,

vo=[1+ ﬂ] .

R6
R4, 2 R4\, _
(1 *"R3T R+ RG) (Vsensor) + V + shift
R7 . \chi
“R6 V-shift

where Vsensor is the voltage differential, St — S—.
For the amplifier in Figure 2:

ing R4 _ R1

Setting R3 R2’
= & []

Vo = [1 ¥ R6]

[(1 + %) * (Vsensor) +V + Shift] - gg * V-shift

where Vsensor is the voltage differential, St — S—.

For good common mode rejection (for both amplifier

topologies):

» The best common mode rejection is obtained when the
input impedances to the inverting and noninverting termi-
nals of each op amp are equal.

Note: In order to provide the negative level shift capability in

the third op amp [it also allows the circuit to provide a level shift

(positive or negative) greater in magnitude than the Vcc by

amplifying the level shift voltage created by the resistor

divider], this is not optimized. Thus, depending on the input
offset currents of the op amp, there will be a common mode
error at the output due to the input impedance mismatch. For
most applications, this error is negligible when considering
most op amps have small input offset currents. For
applications that require higher performance (better input
impedance matching), a resistor with equal value to the input
impedance of the inverting terminal of the third op amp (OA3)
can be inserted between the output of the second op amp

(OA2) and the noninverting input terminal of the third op amp.

This discussion also applies for the first (OA1) and second op

amp.

* Ingeneral, the ratio of R4 to R3 should equal the ratio of R1
to R2. For the amplifier topology in Figure 1, more specifi-
cally, R1 = R4 and R2 = R3.

* R2 and R3 should be low in value.

» The effective parallel resistance of the resistor dividers that
establish the positive and negative level shifts should be

small (at least an order of magnitude smaller) compared to
R1 (for V+shift) and the sum of (R6 + R7) (for V—shift).

For good amplifier dynamic range:

« A higher feedback resistance for the amplifiers (OA2 and
OAB3) allows the amplifier to saturate closer to its supply
rails, thus giving the op amp a larger dynamic range. This
is the reason for establishing R4 and R7 to be at least
10 kQ.

Power dissipation in the resistor dividers used to create the
level shifts:
« Power dissipation is computed as follows:

v2

Power = R

Thus, if you double the supply voltage to the resistor divider,
the power quadruples. In this design, the power dissipation
through the resistor dividers is limited to 25 mW (at a 5 V
supply). This equation will help you design your resistor
dividers for higher supply voltages; however, remember that
the resistor divider’s effective parallel resistance should be
small (compared to resistors R1 and R6 in these examples) for
good common mode rejection.

Important Note: The amplifier design methodology will work
for 99% of all differential output sensors; however, sensors
with very large zero pressure offsets require a “special case”
design methodology that may require both a positive and
negative level shiftin the amplifier design (in these cases there
is a possibility of saturating the second amplifier). If you have
an application that may be subject to this special case, please
contact Sensor Marketing at (602) 244-4556 for design
assistance.

SUMMARY

This paper presents an easy—to—follow design procedure to
design a differential-signal amplifier for sensor applications.
The first part (Situation 1) of the design procedure is intended
for applications for which the device—to—device variations of
a sensor are known from a data sheet. The design procedure
then demonstrates via two examples how to design the
amplifier to accommodate these device—to—device variations
so that for a sensor with a specific offset and span within the
distribution of offsets and spans, an easy hand calibration of
two potentiometers obtains the desired output transfer
function. An additional section discusses how to calibrate the
amplifier for a particular sensor. The second part of the design
procedure (referred to as Situation 2 and is a specific case of
the first part of the design procedure) is intended for a specific
sensor where its device characteristics (i.e., offset and span)
are already known. Via a design example, the design
procedure shows how to design the amplifier for a sensor’s
specific device characteristics (exact resistor values are
calculated to position the offset at a desired level and to set the
gain for the desired span). Finally, a summary of the amplifier
design principles used in the design procedures is presented.

Motorola Sensor Device Data
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