Strain-Gage Low Noise Signal Conditioning

Kevin Egedy

Abstract—This document discusses the approach and design
process for measuring sensors with low noise constraints. The
methods in this design are for a strain-gage and can be used in
solving similar applications.

[. INTRODUCTION

: I THIS document describes signal conditioning a low noise
strain-gage. The op amps mentioned are relevant at the
time this document was created.

II. DESIGN STEPS

The design process is ordered chronologically to emphasize
certain parameters and or decisions.

A. System Architecture

The architecture used in measuring the strain-gage is
amplify, filter, sample. The signal should always be amplified
first in order to prevent any signal distortion or loss of
information. The top level specifications are provided as a
reference.

Instrumentation Bandpass filter ADC Driver
Amplifier

Parameter Specification Unit
Signal passband 1-5k Hz
Signal-to-noise ratio > 76 dB
Passband gain @ 2.5 kHz 40 dB
Power dissipation (Ipp - Vpp) Optimize mW
Cost Optimize $

B.Strain-Gage Equivalent Circuit

The strain-gage determines the differential signal into the
system. It is easier to understand by converting it into its
Thevenin equivalent for each differential terminal. Given each
resistor at 1000 Ohms, the equivalent resistance is

Req = (Ry || R2) + (R3 || Ry) = 1000.

From each differential terminal, the resistance is half of the
Thevenin equivalent resistance. Likewise the common mode
voltage for each terminal is 2.5V. To simplify this further, the
sensor is replaced by a balun with R.,/2 at the end of each

output terminal. The diagram includes thermal noise voltage.
See the SPICE model for an explicit example.
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C. Instrumentation Amplifier Design

The instrumentation amplifier is chosen for this design
because it provides large input resistance to reduce loading,
high CMMR, and relatively large gain.
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The spec provides the system input and output peak-to-peak
voltages. The gain is calculated as

2, , v
=P — 100~ = 40dB.
Ty = 1007 od

The instrumentation amplifier has a response

2R,
Vou =1 -
=R

R
= (Vip = Vim).
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In this design, all of the gain is implemented in the first stage

such that

2R,
G=1+=L=100.
+ e

Thus, the ratio between Ry and R¢ is 49.5. I chose resistor
values to be in the range from 1K to 100K and achieved the
desired ratios with the E192 resistor series. Due to
manufacturing constraints, Iy is chosen at 49.9K. The
resulting gain is

499K

= 100.8 = 40.07dB.
Ve 00.8 0.07d

G=1+




Parameter Design Actual Tolerance
By 49.5K 49.9K 0.1%
Rg 1K 1K 0.1%
Ry 100K 100K 0.1%
Ry 100K 100K 0.1%

The E192 series is manufactured to have tolerances from 0.5%
to 0.1%. In order to meet the CMMR for the spec, the
tolerance for the resistors were chosen at 0.1% tolerance.

The CMMR for each stage is calculated as followed:

2
CMMR, = 1+ 285 _ yo.07am (1)
Ra
A1)d2 +1 2
CMMR, = = = 53.98dB 2
2 4e 4(0.001) @
CMMR; + CMMR, = 94.05dB (3)

Thus the instrumentation amplifier meets the system
requirement of 90dB common mode rejection ratio.

D.Operational Amplifier Selection

Choosing an op amp can seem like a daunting task with the
numerous options in today’s catalogs. I found Analogue
Device’s product selection table incredibly useful. It
categorizes the op amps based on application and specific
constraints.

Initially, I chose the ADA4528-2 precision amplifier with
voltage offset less than 1mV. Minimizing the offset voltage is
critical in analyzing the differential signal from the strain-
gage. The input signal amplitude is 20mV),_,, which makes it
sensitive to noise and voltage offset. Another category that
would apply for this project are low noise amplifiers due to the
SNR constraint. I created this query to find a subset of
amplifiers with characteristics I was looking for.
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From the query, I compared price vs power for each op amp. I
was surprised to see that power consumption was mostly
uniform across price. The result is that price is not a function
of power consumption. I also compared voltage noise density
vs flicker noise. In this plot, more expensive op amps are
clustered towards lower voltage density and lower flicker
noise. As both axis increase, the price of the op amp
decreases. To optimize price and power consumption, I chose
an op amp that minimizes both, located in the lower left corner

of the first comparison. Ultimately, I chose the OP1177
amplifier. Samples are color coded so that darker colors are
more expensive.
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E. Input Referred Noise

The system requires a signal to noise ratio of 77dB. Given
the input voltage of the system, the maximum noise tolerance
is computed as

SNR = ’Us('r'm,s) 7.07TmV

201log — 20log

> 77dB (1)

Un(rms)

< 1uV 2

Un(rms)

Unin(rms)

So the total input noise observed in the system bandwidth has
to be less than 14V. Then the input-referred voltage noise
density is calculated as

V2 5KHz < 1pV (1)

(2)

Un,in(rms)

Un,in S

The target noise density should be referenced in determining
which op amps to use in the design. The noise generated from
the instrumentation amp and strain-gage must be less than
14.1 nV/VHz.

The noise contributions are a function of the specified op amp
voltage (e 4) and current (¢x) noise densities. To determine the
total input RMS noise, the sum of all noise contributions are
calculated at the output of the instrumentation amp.

Strain-Gage:

€2 = (inReq/2)* +4kTReq/2 + (inReq/2)? + 4kT Ry /2 (1)

€2 = 2(inReq/2)* + 2(4kTReq/2) (2)
1,. 2

ez = 5(aneq)2 +ART Reg 17 (3)

Instrumentation Amp 1% Stage:

R R
2o = 2-[(50)24kTRG + 4kTRy + (1+ =) (1)
’ Rg Rg
€2 out = 2-[(49.9%4kTR¢ + 4kT Ry + (59.9)%¢% (2)


https://www.analog.com/en/products/amplifiers/operational-amplifiers.html
https://www.analog.com/media/en/technical-documentation/data-sheets/OP1177_2177_4177.pdf
https://www.analog.com/en/parametricsearch/11091#/p2839=2%7C5&ps3=0.3%7C3&p4502=600k%7C100M&p4102=20n%7C700n&sort=4101,desc
https://www.analog.com/media/en/technical-documentation/data-sheets/ADA4528-1_4528-2.pdf

Instrumentation Amp 2™ Stage Inverting:

i R

ei,out = (—2)24kTR1 + 4k‘TR2 + (1 + R_2)2631 + (inRQ)Z (1)
! 1

Chout = ARTRy + KT Ry + dej, + (in Rz)? (2)

Instrumentation Amp 2™ Stage Non-Inverting:

R2 RQ RQ .
2 = (14 =2)24kT 14 22)2 24T ’ 2 (1
en,out ( +Rl) k R2+( +R1) (R1+R2) k Rl‘l‘(lNRQ) ()
1
e?zﬁout = (4)4kTR; + 4(4)<1)kTR1 + (inRy)? (2)
Gt = 16KTRy + 4KTR, + (inRo)? )

Comparing all the sources, the instrumentation 1* stage has
the greatest noise contribution due to the gain at this stage.
Summing all the contributions results in the RMS noise at the
output of the instrumentation amplifier. The input voltage
noise density can be inferred by dividing the output noise by
the gain of the amplifier.
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en,in(rms) = \/ 6721,in -bKHz

Note, it is important to be cautious of the flicker noise when
determining the noise calculations. The input-referred voltage
noise density and input RMS noise (1-5kHz) are evaluated
using the OP1177 amplifier.

Measurement Input-Referred ey [nV/VHz] Total RMS [1V]
Design 14.1 1.0
SPICE 12.6 0.891

F. Instrumentation Amplifier Response

This section discusses the performance of the isolated
instrumentation amplifier.

Input-Referred Voltage Noise Density (1Hz - 5kHz)
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Input RMS Noise (1Hz — 5kHz) : 890 nV
B
Interval Start:

Total RMS noise: 850.87nV

The input RMS Noise is less than the design of 1us. Note, the
OP1177 is pushing the limits of the system SNR spec at
approximately 1Hz. Since it drops beneath the input referred
voltage noise density quickly, before 2 Hz, it is still a good
choice for this design.

Output Referred Noise (0.01Hz - 100MHz)

le-t Instrumentation Amp Output Noise [V/vVHZ]
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Output RMS Noise (0.01Hz — 100MHz) : 1.29 mV
W Vionoise) e
Interval Start:

Interval End: 100MHz
Total RMS noise: 1.2934mV

Schematic and DC Operation
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Component Values
".temp = 25C
.param adiff=0.01/sqrt{2)
.param acm=>0
.param err-= 0 .param err = 0.001
‘.param R1_0'= 100K*(1-err) - :
".param R1_1 = 100K*(1+err)
..param R2. 0 = 100K*(1+err).
-.param R2: 1= 100K*(1-err) -
.param RF_0 = 49.9K*(1-err) '
.param RF_1 = 49.9K*(1-err)
.param RG = 1K*(1+err)
.param R = 1K
.param Req = Rf2
.op
.ac dec 100 .001 1Meg V{vout)/(V(vp)-V(vm))
.noise V{vout) V1 dec 100 1 5K .noise V{vout) V1 list 1K



Frequency Response (0.01Hz — 100MHz)

Instrumentaticn Amp Frequency Response
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In my op amp selection, I chose an op amp that attenuates a
small amount in the passband. In the next iteration of this
design, slightly larger resistor values for [2; should be chosen
to compensate for this loss. Another solution is to choose an

amplifier with output resistance that doesn’t increase as
quickly.

Bill of materials

Product Tolerance (%) Quantity Price (1000+)
1 kOhms 0.1 1 0.17733

49.9 kOhms 0.1 2 0.17500

100 kOhms 0.1 4 0.17733
opl177 - 3 0.81

Total $2.05

G.Bandpass Filter Design

After the instrumentation amplifier, a 4™ order 1dB
Chebyshev filter is implemented to set the bandwidth of the
signal between 1Hz and 5kHz. Chebyshev filters are ideal
because they provide a sharp transition and a wide passband
defined where the response exits the ripple band.

Parameter Specification Unit
Signal passband 1-5k Hz
Max passband attenuation 3 dB
Max passband ripple 1 dB
Stopband attenuation 40 @ 50kHz dB

Texas Instruments provides a useful guideline for choosing
low pass frequency scaling factors and Q factors.

FILTER Stage 1 Stage 2 Stage 3 Stage 4
ORDER FSF Q FSF Q FSF Q FSF Q

2 1.0500 | 0.9565

3 0.9971 | 2.0176 |0.4942

4 05286 |0.7845 |0.8932 |3.5600

5 0.6552 |1.3988 |0.9941 |5.5538 |0.2895

6 03532 |0.7608 |0.7468 |2.1977 |0.9953 |8.0012

7 0.4800 | 1.2967 |0.8084 |3.1554 |0.9963 | 10.9010 [0.2054

8 0.2651 |0.7530 |0.5838 |1.9564 |05538 |2.7776 |0.9971 |14.2445

The Sallen-Key filter design is used to find the values of the
passive components. The bandpass filter is designed with
cascaded 2™ order filters. By choosing a combination of ratios
and components, the following system of equations is solved:

1
Wo = T/mn (1)
Wy = C,W. (2)
_
Q@ = 1+m (3)
mo= R (4)
— 02
no= (5)
T = RQCl (6)

The table provides values @@ = 0.9565, F'SF' = 1.0500 for the
low pass filter. The remaining values are chosen as

m =1,Cy = 10nF,wy = 27(5000/1.08). The resulting
passive components are:

Parameter Design Actual
Ry 6.58K 6.49K
Ry 6.58K 6.49K
G 2.73nF 2.7nF
Ca 10nF 10nF

In order to calculate the high pass filter, the same FSF and Q
factors are used and the following system of equations are
modified such that

W, _vmn
Wy = Cn’Q_ 1+n’T_R102'

Ichosen =1,Cy = 1uF,wy = 27(1/3.4). The passive
components are:

Parameter Design Actual
R’y 283K 284K
Ry 77.3K 77.7K
Ch 1uF 1u4F
Cs 14F 1F

In both calculations, the cutoff frequency was adjusted so the
passband cutoff aligned with the requirements. The theoretical
response is attached including passband cutoffs and stopband
attenuation at 50kHz.


https://www.ti.com/lit/an/sloa049b/sloa049b.pdf
https://www.analog.com/en/products/op1177.html#product-samplebuy
https://www.digikey.com/product-detail/en/te-connectivity-passive-product/YR1B100KCC/A105968TB-ND/2389780
https://www.mouser.com/ProductDetail/Welwyn-Components-TT-Electronics/RC55Y-49K9BI?qs=sGAEpiMZZMsPqMdJzcrNwhBdsdbMpQ1N4Rl9Q8Ylcto%3D
https://www.digikey.com/product-detail/en/te-connectivity-passive-product/YR1B1K0CC/A105942TB-ND/2390772
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The high pass and low pass filters meet meet the spec
requirements. The low pass cutoff is just over the SkHz spec.
If more precise passive components are available, then this
can easily be achieved.

H. Bandpass Filter Performance

This section discuses the performance of the isolated
Sallen-Key bandpass filter.

Schematic and DC Operation

R2 4th Order Sallen-Key Bandpass

B {R2y 8 !

8 8
c @ 3

4 8
Ve S| 250566V TOPITT | \oury - ps006075v A% A, aponsassy T opzz 3
Vi ey ) o \/ jout2 2500675V
Ty Tw {3} R4y KB EEEEAA
: 2 Tur w®
N2/ R1Z> [*] 3 &
Nty (Rinlsdléss ™ param R1= 283K - param R3 = 649K - (r3} [
S param R2= 777K param R4 = 6.40K < I(c)
T

3 * -param C1 = 1u *
> v v 23

7+ B

\= - -
<5 éz.s [

Frequency Response

_param R = 1K
SPICE: Band Pass Frequency Response

2.500675V

param €214 - _param C4 = 100 “param'C = 2n

-ac dec 100 .01 100Meg  .noise V(vout) V1 dec 100 .01 100Meg

ut3

™1™
N

,"’ \\
-20 y§ ,

Magnitude [dB]
|
&
S

100 1" — without AC pole

BW: (-0.86dB, 1Hz), (-0.95dB, 5012Hz)
® 10fc: (-42.87dB, 50119Hz)

=120

107 10° 107 10° 107
Frequency [Hz]

In analyzing the response of the bandpass filter, there is an
increase in the frequency response after the stopband. This is
largely due to the increasing output resistance of the op amp.
To minimize this effect, I included an additional RC filter at
the inflection frequency 90kHz.

90kHz = R =1000,C = 2nF

L
2rRC’

Bill of materials

Product Tolerance (%) Quantity Price (1000+)
1 kOhms 0.1 1 0.17733
6.49 kOhms 0.1 2 0.17120
77.7 kOhms 0.1 1 0.25920
284 kOhms 0.1 1 0.25850
1 uFarad 1.0 2 0.70000
2000 uFarad 1.0 1 0.44000
2700 pFarad 1.0 1 0.43500
0.01 uFarad 1.0 1 0.18600
opl177 - 2 0.81000
Total $5.12

I. ADC Driver Design

The ADC component is not provided in this design,
however this section discusses the driver requirements for the
ADC. The design enables flexibility so that any ADC can be
implemented with #4410 less than 5us and precision of at least
0.1%. A unity gain buffer is used to meet these requirements.

Parameter Specification Unit
ADC driver settling precision 0.1 %
ADC driver settling time 5 us

The settling precision of the driver is a function of the closed-
loop time constant 7. Also the time constant is a function of
the 3dB cutoff frequency. Thus, an op amp with a great
enough cutoff frequency will meet the desired requirements.

faap = Bfr = fr (1)
B=1
teettle > In0.0001 — 5us > 6.97 (2)
1 1

= —— 3

oL 27 faap 27 fr )
5us 1

- > 4

69 — 2nfr (4)

fr > 219,634 Hz (5)

From the calculations, an op amp with unity gain bandwidth of
at least 220kHz will suffice. Most general purpose op amps
can achieve this spec as long as the slew rate is fast enough.
Lower bandwidth op amps need to have faster slew rates in
order to meet the settling time. The settling time can be
rewritten as

t/settle = tsettle — Vitep/ (slew rate)

Initially I chose to the OP1177, because it is a robust amplifier
with gain bandwidth of 1.3MHz. It meets the driver
requirements at a reasonably low cost. Ultimately, this was not
a good choice for the system because it greatly attenuated the
signal.


https://www.analog.com/en/products/op1177.html#product-samplebuy
https://www.mouser.com/ProductDetail/KEMET/C410C103F5G5TA?qs=sGAEpiMZZMvsSlwiRhF8qnFQqSvyFuadTLrIeBJKpiU8eb9ScowBfA%3D%3D
https://www.mouser.com/ProductDetail/KEMET/C315C272F3G5TA?qs=sGAEpiMZZMsh%252B1woXyUXj1p5ReH8PUn7R9Qdt2Siv6c%3D
https://www.mouser.com/ProductDetail/KEMET/C316C202F3G5TA?qs=sGAEpiMZZMsh%252B1woXyUXj1p5ReH8PUn7KyxVK%2Fi4Zks%3D
https://www.mouser.com/ProductDetail/KEMET/F461DI105F250L?qs=CBysBIMljti4VsLq%2FGIr4A%3D%3D
https://www.digikey.com/product-detail/en/vishay-dale/RN55C2843BRE6/RN55C2843BRE6-ND/3323413
https://www.digikey.com/product-detail/en/vishay-dale/RN60C7772BRE6/RN60C7772BRE6-ND/3356033
https://www.digikey.com/product-detail/en/te-connectivity-passive-product/YR1B6K49CC/YR1B6K49CC-ND/2390926
https://www.digikey.com/product-detail/en/te-connectivity-passive-product/YR1B1K0CC/A105942TB-ND/2390772
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I am still investigating why the op amp is behaving this way,
so I’ve chosen to use my original design choice ADA4528-2.

J. ADC Driver Response

This section discusses the response of the isolated ADC
driver using the ADA4528-2 amplifier.

Schematic:
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The ADA4528-2 op amp has closed-loop bandwidth of
6.2MHz and slew rate of 0.5V/s. The settling time with 0.1%
precision is approxirrllately

1
6.9 ———— +(

pus) = 2.28
seavi) + (55H) He

The actual settling time for 0.1% precision is 2.21 us.

K. Top-level Design

This section analyzes the output of all the components
previously discussed.

Output-Referred Voltage Noise Density (0.01Hz — 100MHz)

s Instrumentation Amp Output Noise [v/VHz]
175
150
125
z
%
2 100
2
v
gos
=
050
025
0.00 —
107 100 10° 10° 107
Frequency [Hz]

Output RMS Noise (0.01Hz - 100MHz): 98.5 uV
|

Interval End: 100MHz |
Total RMS noise: 98.537pV |

Earlier, the input RMS noise target was calculated to be 1V
to achieve 77dB SNR. Thus, the total output RMS target is
just the gain multiplied by this value.

Un,out(rms) = Av * Un,in(rms) = 0.1mV

The spec gives flexibility up to 1dB of SNR reduction. The
output RMS is measured at 98.5 1V and maintains 77dB SNR.
It is observed that the noise from the filter and ADC driver did
not violate the spec. Also note that the output RMS is smaller
at the end of the system than at the end of the instrumentation
amp. The bandpass filter greatly reduces noise.

Frequency Response

Top Level Frequency Response

50

)

= |
un

= &

n
=

Magnitude [dB]

200

-250 -1dB: (38 9448, 1Hz), (39.06d8B, 4786Hz)
2 5KHz- 40.76dB
S0kHz: -14.33dB

-300

w0t 1w w plig w0
Frequency [Hz]

Unfortunately, the top level performance is not as good as I
expected. The high pass filter is close to the design however
the low pass cutoff is at approximately 4.8kHz. In the next
iteration, the filter design would be updated to accommodate
for the OP1177 amplifier. The pass band gain at 2.5kHz is
40.76dB.


https://www.analog.com/media/en/technical-documentation/data-sheets/ADA4528-1_4528-2.pdf

Transient Signal
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The output has a clean response in accordance to the SNR
requirements. The common mode voltage is 2.5 volts and is
within the 2V peak to peak range.

Bill of Materials
Product Price ($)
Instrumentation Amplifier 2.05
Bandpass Filter 5.12
ADC Driver 1.52

Total $8.69

Power Dissipation

Product Current (mA) Quantity Power (mW)
Instrumentation Amp

OP1177 0.400 3 2.00
Bandpass Filter

OP1177 0.400 2 2.00
ADC Driver

ADA4528-2 1.400 1 7.00
Total 17mW

Key improvements are observed in the op amp selection, filter
tuning, and additional RC poles.

Designing the circuit for low noise sensors is an iterative
approach. Understanding the benefits of op amp selection can
greatly improve power dissipation and price. In the current
design, power dissipation was 17mW vs 42mW if I used my
original design. Also the current design price was $8.69 vs
$12.95 using the original design.


https://www.analog.com/media/en/technical-documentation/data-sheets/ADA4528-1_4528-2.pdf
https://www.analog.com/media/en/technical-documentation/data-sheets/OP1177_2177_4177.pdf
https://www.analog.com/media/en/technical-documentation/data-sheets/OP1177_2177_4177.pdf
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