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Amplify AC Signals with
Large DC Offsets Using
an Indirect Current-Mode

IN-AMp

This article offers a step-by-step approach on how to eliminate the need for additional
gain stages while supporting applications with large differential offset voltages.

n applications such as electromagnetic-flow (EM flow)

meters and biopotential measurements, small differential

signals are in series with much larger differential offsets.

These offsets typically limit the gain that the circuit can
take in the front-end design, which in turn impacts the over-
all dynamic range. The gain limitation is even more chal-
lenging when lower supply voltages are used—for example,
in battery-powered signal chains.

One solution to address this large differential offset is-
sue is to use an ac-coupled measurement signal chain. A
typical ac-coupled signal chain would include a low-gain in-
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strumentation amplifier, followed by a high-pass filter and
additional gain stages. In most applications, it’s preferable to
get as much gain as possible at the first stage, as this helps
improve the referred-to-input (RTT) noise of the following
gain stages in the signal chain.

This article will assist with the design and the implemen-
tation of an indirect current-mode instrumentation ampli-
fier (in-amp) architecture, which will enable high gain and
ac coupling all in one stage. The design will feature the
AD8237, a micropower, zero-drift instrumentation ampli-
fier that has a wide common mode and differential input
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1. Shown is an ac-coupled signal conditioning circuit with indirect current-mode architecture.
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range. Another example of
the indirect current-mode ar-

Table 1: Key Design Specifications for Circuit in Figure 1

chitecture is the AD8420. The Sensor Sensor Sensor Sensor | guopii
. . upplies
main benefits of such an indi- Voerser Vaina Wsicna Common | v/, A\V/es
rect current feedback in-amp Max Max Min/Max Mode
are: Amplitude | Amplitude | Frequency (Vem)
« Its alow-power architecture. 1V #6mV  20Hz/220Hz 165V +3.3VIOV 200pA 165V
o There’s no diamond plot
limitation like with other have a large gain. Both architectures will be presented in the
typical architectures, such as in-amps composed of two or ~ appendix. The ADA4505 op amp is used in the feedback
three op amps. loop as the integrator circuit. The output of the AD8237 is
 Good gain drift performance can be achieved from external ~ sensed by the integrator input and drives the reference pin
resistor matching. of the AD8237 to force the output of the AD8237 to Vyp,
« High CMRR can be achieved without relying on resistor ~ which is set on the +input of the ADA4505.
matching. Even though the integrator circuit provides a low-pass fil-
« High-impedance reference pin. ter function, in this situation, due to its use in the feedback

loop, the overall circuit will have a high-pass filter transfer

The circuit in Figure 1 provides the overall schematic function. Thanks to this behavior, it will ultimately block

where the AD8237 indirect current-mode in-amp is chosen.  any dc offsets prior to gain, making it possible to increase
However, to accomplish high gain and

ac coupling all in one stage, an inte- . : : : :
grator circuit has to be implemented Table 2: Design Goal vs. Simulation Transient Analysis

in a feedback loop with the AD8237. = : 7
This solution allows for more gain than Design Goal Simulation

instrumentation amplifier solutions /ST 2956 \/ 2994\
composed of two or three op amps,

which cancel the offset after gain is ap- N T 1.044 1.077V

plied.

For the proposed architecture, the Vio 165V 165V
offset correction happens prior to the e 0.65V =0.65V
gain phase that enables the in-amp to
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2. An AD8237 plot tool example.
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3. This is an LTspice schematic.

the gain further than other solutions. On top of that, it’s even
more helpful with low supply voltages and large offsets since
the headroom left to work with is limited.

The integrator circuit also forces the output of the AD8237
at a chosen voltage via a reference pin. Indeed, the integra-
tor is forcing the reference pin relative to the FB pin of the
ADB8237 to be equal and opposite to the differential voltage
of the inputs.

Design Specifications Example

For low-power applications, a single supply is usually
available, typically somewhere between 1.8 and 3.6 V. The
design choices for the circuit shown in Figure 1 depend on
the input signal and offset amplitude range and frequency.
Table 1 lists example design specifications for this circuit.

The design choices for this circuit were made while using a
low-bandwidth mode for the AD8237,
allowing for gain flexibility and better
stability.

Parameter

Design Description

The circuit in Figure I consists of the
ADS8237, a micropower, rail-to-rail
instrumentation amplifier, and the
ADAA4505, a zero-input crossover dis-
tortion op amp. Both can be powered

Low-pass f.g....
20 Log (Gain)

High-pass fog.n

from a minimum 3.3-V supply (Vpp).

This circuit can output a voltage (V qyr), which represents
the amplification of the ac signal (Vggnar), presented at
the input while removing any dc offset voltages (Vppspr)-
A Vyp voltage is generated to set both the positive input of
the ADA4505 and the AD8237 gain-stage output common
mode to mid-supply. The Vyp is generated with a voltage
divider (R1, R2) and buffered by another ADA4505. The
AD8237 comes in a mini small-outline package (MSOP)
and the ADA4505 is housed in a compact wafer-level chip-
scale package (WLCSP).

Design Considerations

1. The positive input of the ADA4505-2 (1/2), Vyp, will
set the value of Vygp (Ref pin of AD8237) and, consequent-
ly, the output V. To ensure the maximum output swing

Table 3: Design Goal vs. Simulation AC Analysis

Design Goal Simulation

10.71 Hz 10.70 Hz
1980 Hz 2138 Hz
40.08 dB 40.08 dB
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between the two supply rails, most
instrumentation amplifiers’ optimal
value is at mid-supply (+Vpp/2) due

Parameter

to the common-mode input voltage vs.
output range or diamond plot. A dia- Vorrser
mond plot tool to help with this will Y,
be presented in the design simulations e
section. V oUTuns

2. When considering the total sup-
ply current for the circuit, the choice Voutuw
of resistor values R1 and R2 also mat- Vi

ters. The resistor choice is a tradeoff

between noise and power dissipation.

In the case of this circuit, it’s better to choose larger resis-
tor values to minimize additional supply current. The supply
current added for this resistor divider would be:

_ Vpp
nL=—
R1+ R2

In the case of the resistor divider (R1, R2), an additional
capacitor C1 can be added to bandlimit the noise as well as
reduce any 50 Hz/60 Hz or other interference on V. The
larger the capacitor, the better the noise filtering. However,
it will take Vygp longer to settle at power-up. The estimated
time it takes to settle within 1%:

Table 4. Design Goals vs. Measured Results

Design Goal Measured
1V 1.01V

6 mV peak 5.2 mV peak
1.044 V 113V
2256 V 219V
065V 0.64 V

3. When choosing passive component values (resistors
and capacitors), the tolerances should be considered. In the
case of the resistor divider (R1, R2), the target Vyp value
can shift, which would influence the output swing ranges
Vour of the AD8237 and ADA4505.

From the circuit in Figure 1, the transfer function will
have two cutoft frequencies that are the result of a high-pass
filter coming from the ADA4505 integrator circuit in feed-
back and a low-pass filter response due to the AD8237 band-
width. Some gain error can be introduced, which relates to
the cutoff frequency of the integrator (ADA4505) in com-
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4. Transient simulation results.
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5. Transient simulation results zoomed in.

bination with the AD8237 bandwidth. Thus, it’s important
that the high-pass cutoff frequency and the low-pass cutoff
frequency respect a certain span. Depending on how close
cutoff frequencies are to each other, the percentage gain er-
ror might change.

4. If the application requires the use of high-impedance
sensors, buffers such as the ADA4505 could be used in front
of the AD8237 inputs to provide higher input impedance

and lower input bias current, as a buffer will convert a high
impedance input into a low-impedance output. The AD8237
input bias current is 1 nA maximum over temperature.

Design Procedure

1. Voltage divider for setting Vyp:

Using section 2 of Design Considerations for the circuit
in Figure 1, the values for the peripheral components are set

17.80s

60dB—r V(vout) -
[ EMFlow_v3_AC x
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V(vout)
Freq:| 10.670312Hz Mag: 37.080483dB ®
Phase: 44.990725° O
Group Delay: | 75331628ms | (|| gs°
Cursor 2
40dB— s o V(vout)
I Fog| 214084iKHz | wag  wrommee  ©
¥¢ Phase: -45.152726° @
Group Delay: 37.632426ps
Ratio (Cursor2 / Cursor1) L o°
Freq: 2.1361707KHz | Mag: ~ -1.7569198mdB
Phase: -90.143451°
28 Group Delay:  7-4955304ms
- -45°
0dB
.................... - -90°
-20dB: T T 135°
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6. Shown are ac simulation results.
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to R1 = R2 = 1 MQ to keep the supply-current contribution
around 1 pA:

33V

n= ———
1MQ +1MQ

= 1.65 pA
Output of the resistor divider prior to the ADA4505:

R2 1 MQ

—— =33 X —— =165V
R1 + R2 1MQ+1MQ

Vmip = Vpp X

Assuming tolerance for R1 and R2 is 5% and taking into
account the ADA4505 offset:

VMID =1.65V + 82 mV
To remove ac power-supply interference and noise from

resistors, set C1 so the cutoff frequency is at least less than
the minimum Vgignar, frequency of 20 Hz.

Note that the capacitor value can be larger if it's needed to
further bandlimit the noise:

1
20 Hz <
R1R2
2 X XCl Xm
! Cc1l
<
1M x1MQ
20Hz X 21 X I3y 1 Ma

159nF < C1

In this case, C1 is set to 22 nF, which provides a frequency
of:
1

1 MO X 1MQ
1 MQ+1MQ

= 14.5 Hz

20nF X 2w X

2. Instrumentation amplifier (AD8237) gain value Vgignar:

Consider that the range span of EM flow sensors” output
typically is a peak-to-peak signal amplitude going from +75
1V to +6 mV. For the circuit in Figure I, the amplitude peak-
to-peak signal amplitude range will be set to Vgigyar, =6 mV
peak with a frequency of 30 Hz.

Then, consider the AD8237 output swing range limits to
the supply rails. These values can be found in the datasheet
from “Output Swing” Let’s use the case R; = 10 kQ swing
case at +25°C to be conservative:

0.05V < Voyr < Vpp — 0.05V

For a 3.3-V supply:
0.05V < Vyyr < 325V

Since the output is fully differential, the output will swing
with respect to Vy;p will be, worse case:

For positive input signals (Vygqppax = 1.732 V):

V(onoise)/101

96nV/HZ

—
T ———
e \\\
95nV/Hz i
\\
94nV/Hz,
93nV/Hz Y
92nV/Hz"/
91nV/Hz W V(onoise)/101 X
90nV/HzY:| Interval Start: ‘ 2. 78> ‘
Interval End: [ 345.4Hz ‘

89nV/HzY

Total RMS noise: l 1.727uVv ‘
87nV/HzY

/
85nV/Hz"/
84nV/HzY //
83nV/Hz"/
82nV/HzY . i ; ; ; I |
12.7Hz 42.7THz 72.7THz 102.7Hz 132.7Hz 162.7Hz 192.7Hz 252.7Hz 312.7Hz

7. Total noise integrated over the equivalent noise bandwidth results.
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| @ Mean

Min .0ms
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2.20
1.20

Std Dev
126m
412m
77.8m
33.0m
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1.14
2.35
2.54
1.95

1732V < Vyyr <325V

+SwingRange pgozy; = 3.25V —1.732V =1518V
For negative input signals (VypMAX = 1.568 V):

005V < Vpyr < 1.568V

—SwingRangepgzz7 = 1.568V — 0.5V = 1,518V

Now to set the gain, add up the total expected differential
input signals and use the lower of the positive and negative
swing ranges to set the max swing range:

) MaxSwingRangepgra7
MaxGaingpgyzy =

Vsignar

1.518V

MaxGaingpgyzy = omv

MaxGaingpgzz7 = 253 V/V

Considering the output voltage range limits, the AD8237
gain should be less than 253. To leave some margin for
DC errors/others, the gain value for the circuit in Figure 1
should be less than the maximum possible value. There’s also
a tradeoff between the gain and the settling time: the higher

AR P i A e AR AR b A

8. An oscilloscope
screenshot with the yel-
low curve correspond-
ing to Voyr and the
blue curve to Vygp.

“M ’\"," A
w . wlwu

ﬂ‘.

i e A

‘ | 25.0kS/s | |
10k points

the gain, the slower the time constant of the filter. Owing to
those comments, the AD8237 gain is set to 101.

Note the benefit of design considerations in Step 1 in
terms of maximization of the swing value.

From the datasheet, the associated formula for the gain is:

R
Gain=1+ &t

Rpy
The AD8237 datasheet provides suggested resistor values
for gain selection. For the selected gain of 101, the values
of these resistors should be Ri; = 1 kQ and Rg; = 100 kQ.

3. In-amp (AD8237) bandwidth:
From the datasheet, the cutoff frequency value is:

GBW
f3aBszs; = o
200 kHz
f3d33237 = W = 1980 Hz

If the design specification requires a certain minimum
attenuation for the maximum signal frequency, this can be
easily checked for a given filter cutoff frequency:

1
Attenuation = 20logqg \/( )
14 VSIGNAL_maxfO_freq2
fadB,,, -
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( 1 )

14 ( 220 Hz? )
1980 Hz?

Attenuation = 20logqo = —0.05dB

4. Setting the high-pass filter cutoff frequency:

A high-value, high-pass filter cutoff frequency set by the
integrator can get too close to the cutoff frequency of the
low-pass filter set by the AD8237 bandwidth as explained in
the Design Considerations section. This will introduce some
gain error from the gain established previously.

Assuming +5% tolerance for R3 and C3, the fastest time
constant should be less than the Vggya; minimum frequen-
cy:

Gain

_ <20H
f3dBi’nt,ggraf0?" 2w X 0.95 X R3 X C3 z

The resistor R3 will have a constant value of 1 MQ to
minimize the current through this resistor into the op amp:

101V/V
>
2w x (0.9 % 0.9 x 1 MQ X 20 Hz)

€3 > 0.99 uF

Cc3

Taking the nearest standard capacitor value to have ap-
proximately a cutoft frequency of 20 Hz, let’s set C3 = 1.5 pE,
so, the updated cutoff frequency is:

101

= = 10.71Hz
f3dBrntg_grata'r 21 (1 MQ X 1.5 pF

If the design specification requires a certain minimum at-
tenuation for the minimum signal frequency, this can be eas-
ily checked for a given filter cutoff frequency. See an example
for this circuit:

1 )
1 fswintegratorz
VSIGNAL_minf 0_freq?
1 )
( 10.712 HZZ)
202Hz?

Attenuation = 20logy \/(

Attenuation = 20log,, \f(

5. Offset voltage:

Both signals V qppspr and Vo have limitations.

As expected, the dc offset can be larger than what we usu-
ally find in most applications. In this situation, the voltage
value must be Vppspr < £ Vyp. If the DC offset is greater
than this limit, the Vyp voltage value goes outside the volt-
age supply range of the ADA4505. The equation linked to
the reference pin is set to: Vpgr = Vyip — Vorpser- The
Vorrser Will be set at 1'V.

As for the common-mode voltage, it’s directly linked to
the Voppspr value as Vo, must be in the range:

Vi
0< Vey + OF;SE‘I‘

Vbp

If those limitations aren’t verified, the input values of the
ADB8237 are either over or under the supply ranges. The V
will be set at 1.65 V.

Design Simulations

To check the common-mode input range vs. output volt-
age or diamond plot for an instrumentation amplifier, you'll
want to provide the supply voltage +Vpp, reference voltage,
gain, common-mode swing, and differential input swing.
The instrumentation amplifier diamond plot tool from Ana-
log Devices helps to see if the input swing is within the oper-
ating range of the part. Take note that the output swing used
for the tool uses the worst-case load conditions (smallest re-
sistive load), so if you design to the tool limits, there would
be additional margin for larger resistive loads.

Looking at the results in Figure 2, the purple outline is the
usable range of the AD8237 for the given supply voltage,
output swing, input common-mode range, and reference
voltage of the part. The red outline shows how much of this
range you're using for the given common-mode and differ-
ential input mode swing.

The goal is to keep the red outline within the purple out-
line. If certain conditions violate this, the tool will show the
error and provide recommendations. It's important to note
that implementing the integrator circuit in the feedback
loop isn't possible in this interface.

However, a workaround is to configure the diamond plot
input signal as if the Vqppgpr and Vi voltage of the circuit
(in Figure 1) were added in. Hence, using the interval (0.65
to 2.65 V) as the dc offset is removed and isn't gained up.
It also showcases that the common-mode voltage could be
higher as there’ still some room for the output to swing. To
further understand what’s happening inside the instrumen-
tation amplifier, the Internal Circuitry tab will show the
voltages of internal nodes.

The LTspice simulation tool can check against the design

+
A 0 Vout
2 Reg
= *
Vint Gm G2 Vinz 3 Re
o—>
O VRer

9. Indirect current-mode instrumentation amplifier ar-
chitecture of the AD8237.
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procedure calculations made earlier, including other spec-
ifications of interest such as the noise performance in the
signal band of interest. The LTspice schematic is shown in
Figure 3.

The first simulation (Figs. 4 and 5) is a transient simula-
tion with a dc offset of 1 V and an input signal of £6 mV
at 30 Hz. Figure 4 shows the signal at different stages in the
circuit. Figure 5 is a zoomed in version of Figure 4 once the
circuit has settled and the integrator capacitor is charged to
the final value. The blue curve is the output of the integrator
or reference voltage pin of the AD8237. The red curve is the
Vumip value designed to Vpp/2 and the green curve is the
final 30-Hz output signal gained, V.

Table 2 shows a comparison of the design goal vs. simula-
tion results for the transient simulation. For the maximum
and minimum V7 value, the expected values come from
Vout = Vuip £ Vsignar, X 101, which in our situation gives
us the expected values equal to 2.256 V.and 1.044 V. The Vpgg
value expected is equal to Vy;ip — Voppsp> Which gives us an
expected value of 0.65 V. As for Vyp, we calculated it to be
the mid-supply voltage, which in our case is 1.65 V.

The results obtained in the transient analysis compared
with the expectations are quite similar in terms of voltage
output. However, 17 seconds are needed for the simulation
to settle and for the output to get to its final value, due to the
large integrator capacitor and the large dc offset implement-
ed. This settling time comes from the fact that the simulation
starts at time O s, and the capacitor needs time to charge to
the final value.

The next simulation in Figure 6 shows the frequency re-
sponse of the circuit in Figure 3 with a dc offset of 1 V and
an input signal of £6 mV at 30 Hz. Cursors 1 and 2 from
Figure 6 were placed at the -3 dB point for the high-pass
and low-pass filters, respectively.
Table 3 shows a comparison of Vi
design goals vs. simulation re- Ul

minimal frequency value established at 20 Hz. In this situa-
tion, the resulting noise will be from the integration from 20
Hz to 220 Hz.

The measured noise will actually be higher due to the
bandpass filter cutoft frequencies. The LTspice simulation
results assume a post-processing brick wall filter to have a
sharp roll-off at 20 Hz and 220 Hz.

The command line in LTspice is then set to be .noise
V(Vour) V1 dec 100 20 220. Hold the control key and left
click on the waveform name (V(ONOISE)/101). The rms
noise can easily be converted to peak-to-peak noise using
the equation:

Noisep — p = 6.6 X Noise rms

Noise p — p = 6.6 X 1.3469 uV rms = 8.88954 pVp — p

A quick check of the AD8237 noise and ADA4505 noise
determined that the AD8237 is the dominant noise source.

Measured Results

To highlight the previous results, hardware testing is pos-
sible as both the AD8237 and ADA4505 offer test boards.
The soldering of each component can be done from the test
boards’ schematics. When using both test boards at the same
time, a trace on the AD8237 board may need to be cut to
connect the Vyqp voltage to the R resistors.

To ensure a better understanding, the values of compo-
nents were set and taken from the design procedure section,
the same as with the design simulation. To simulate the EM
flow meters or biopotential measurement sensors, different
measurement equipment was used, such as a voltage calibra-
tor and an arbitrary waveform generator.

For this test, the input signals were set with a dc offset

R2 R3

sults. =

The simulation in Figure 7
shows the voltage noise density
vs. frequency RTI for the circuit

AAA AAA
YVvy . 4 VYV

in Figure 3. This is done by divid-
ing the output noise by the total
gain of the solution (101). For the
bandpass filter function, we need

Reain O Vour

to choose the integration fre-
quency interval to compute total
noise.

For the upper frequency, we
u2

will use the sensor maximum fre-
quency value established earlier,
which is 220 Hz. For the lower fre-
quency, we will also use the sensor

v2 +

‘Y‘VAV ‘ .'AVAV
R2 R3 £

VREF

10. Three-op-amp instrumentation amplifiers.
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(Vorppser) of 1V, a common-mode
voltage of 1.65 V, and an input sig-
nal (Vggnar) of £6 mV at 30 Hz.

Looking at the results shown in
Figure 8, the output voltage Voyt
(yellow curve) performance has a
small voltage off from the expect-
ed values but is still in line with
expectations.

Table 4 shows a summary of de-
sign goals vs. measured results.

The differences in the design
goal vs. simulation results can have
different origins:

« The resistors used had a 5%

Table 5: In-Amp

Package
Size
(MSOP)

Part

Number

ADB23T "5 46 mm

Part

Number Size

error tolerance, meaning the LCSP)

Vyp Vvalue could have been
shifted.

o The bench setup may have
limitations that can result in
minor deviations as shown by
the measured simulations, Vqppspr and Vegnar-

ADA4505

Tables 5 and 6 present some of the specifications of the
devices used in the design.

Conclusion

When capturing signals from sensors such as EM flow in
field transmitters or electrodes in biopotential applications,
the signal of interest is usually sitting on much larger dc oft-
sets. To make it easier to extract the relevant information
from these sensors, one solution is to implement an ac-cou-
pled measurement signal chain. The aim is to remove the dc
offsets while amplifying the ac signals.

An instrumentation amplifier like the AD8237 can pro-
vide the gain and the ac is coupled all in one stage by in-
corporating an integrator circuit in the feedback loop. By
removing the dc offset at the input stage, this circuit enables
maximum signal gain to be applied at the very input of the
measurement signal chain. This minimizes the input re-
ferred noise of the overall measurement solution.

Appendix

In Figures 9 and 10, the indirect current-mode instrumen-
tation amplifier and the three-op-amp instrumentation are
displayed. The indirect current-mode instrumentation am-
plifier allows for more gain than instrumentation amplifier
solutions composed of two or three op amps, which cancel
the offset after gain is applied. For the proposed architecture,
the offset correction happens prior to the gain phase, which
enables the in-amp to have a large gain. Here’s a description
of both architectures.

3.20 mm x

Table 6: Op Amp

Package

1.42 mm x
1.42 mm

Gain
Ve | Min/
(uV) | Max
Max |(kHz) typ

VNIZ NSE
VHz) | AMP
(nViWHz) WA)

1 75 1/1000 1.5 68 1.8/5.5

0.1 Hz

to 10 HZ VNI"J:EE AI"J"r
Noise |(nV/vHz) { ”;F;'
WVp-p) | typ |V

typ typ
295 65 i

e ||| GBP

(PA) |(mv) |(kHz)
Max | Max | tP

The indirect current-mode instrumentation amplifier in
Figure 9 is based on a one-stage configuration. The input
voltages are applied to the first Gy, cell, while the Gy, cell
is in the feedback loop. The internal integrator Amplifier
A forces a replica of Vi at V. The integrator is used to
drive the reference pin that’s prior to the gain. The gain is set
by the external resistors RFB and RG and is equal to:

The three-op-amp architecture in Figure 10 is based on a
two-stage configuration. The first two op amps (U1 and U2),
Rgaqn resistor, R2 resistors, and R1 resistors form nonin-
verting amplifiers and are considered as the input stage. It
provides unity common-mode gain; the differential gain is
set by the resistor Rgpy and equal to:

2XR1
+

Reaiv

The last op amp, U3, and the R3 resistors form a differen-
tial amplifier that creates the output stage of the instrumen-
tation amplifier. It provides unity differential-mode gain and
common-mode rejection. The injection point of the refer-
ence for this architecture is at the second stage after the first
gain stage is applied.
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