Sensor013 13, 1312313142; doi:10.3390/s131013123

SENSOrs

ISSN 14248220
www.mdpi.com/journal/sensors

Article

Programmable Gain Amplifiers with DC Suppression andL ow
Output Offset for Bioelectric Sensors

Albano Carrera, Ram de la Rosa *and Alonso Alonso

Laboratoryof Electronics and Bioengineering, ETSI del@comunicacid, Universidad de Valladolid,
Campus Miguel Delibes, Paseo Belé,. Malladolid 47011 Span;
E-Mails: albano.carrera@uva.es (A.C.); alonso3@tel.uva.es (A.A.)

*  Author to whom correspondence shibbe addressed;-Hail: ramros@tel.uva.es;
Tel.: +34983-185593; Fax: +34983423667.

Received4 July 2013; in revised formi7 Septembe013 /Accepted22 SeptembeR013 /
Published:27 September 2013

Abstract: DC-offset and DGsuppression are key parameters in bioelectric amplifiers.
However, specific DC analyses are not often explained. Several factors influence the
DC-budget: the programmable gain, the programmableffutequencies for high pass
filtering and, the low cubff values and the capacitor blocking issues involved. A new
intermediatestage is proposed to address the DC problem entirely.ifywi@mentations

were tested. The stage is composed of a programmable gain amplifier (PGA) with
DC-rejectin and low output offset. Cudff frequencies are selectable amaluesfrom

0.016 to 31.83 Havere tested, and the capacitor deblocking is embedded in the design.
Hence, this PGA delivers most of the required gain with condtamtoutput offset,
notwithseindingthegain or cuwoff frequency selected

Keywords: bioelectric sensorsziomedical electronics; amplifiers; higiass filters

1. Introduction

Bioelectric amplifiers require a high gain level, a low density of equivalent input noise, a high
common mode rejection ratio (CMRR) and a higipedance input [1]. Most of these features can be
achieved by using a monolithic instrumentation amplifier @8)a front stagedowever, the required
gain for a bioelectric amplifier ranges betweeri 46d 16, depending on the signal of interest [1].
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These gains cannot be achieved in a single stage because of output saturation issues. Hence, the frc
IA gain stould be less than ¥@nd is also related to the IA output saturation voltage.

Parasitic DC voltage levelsppearat the output of the IA. They are produced by several factors
such as impedance imbalance from the input electrodes, electrode contaclpotemtit bias currents
and conversion from differential mode to common mode [2,3]. These DC levels miehbeed;
otherwise, they would produce output saturation phenomena when amplified in the subsequent stages
Several techniques have been develdpeagmove the DC levels, such as the placement of a capacitor
in series with the IA gain resistance, the coupling of capacitors at the IA input, the placement of input
buffers, or an audio transformer at the 1A input [4]. However, these techniques eaaetiogh because
they cause a degradation of the CMRR and the noise figure of the circuit. Therefore, the best way to
achieve a complete DC rejection is the use of active suppression techniques [4].

The objective of this paper is to present a new confp@é stage to perforrmost of the key tasks
in a bioelectric amplifier with a constrained outputd2@el. An IA front endcombined with this?GA
stage as displayed ifrigure 1 will deliverthe entire requestegain, CMRR and noise performance
for most of the applications. Hence, two choices were designed, tested and integrated in our custorr
neuromuscular training system, the UM&S platform [5].

Figure 1. PGA stage supported by a previousfidnt-end

FRONT-END

2. Methods
2.1. StartingDesign

As shown inFigure 2and tested in [5the startingdesignis a variant of wetknown circuits [1,6].
The stage is a higpass filter with gain, cascaded after the IA. It is fuligependentrom the
front-end, sothereis no feedbacKink associated tot. Hence, it is suitabléor attachmentto a
monolithic 1A.

Figure 2. Starting design: higipass filter with gain.

R2
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The circuit operation relies on an inverter stage to amplify the input, and a feedback integrator in
order to eliminate the output DCvigl. The integrator acts as a lgass filter. Hence, when feedback
is applied, the DC component eiminatedat the output y andthe whole stagéhus behaves as a
high-pass filter (HPF) with gain G.

The circuit can be easily solved to obtain ttansfer functiorin Equation(1), where the gain G is
delivered by the inverting stagas shownn Equation 2). The HPF behaviour and eoff frequency is
obtained fromEquation L) and shown ifEquation 8):

(W= = %

Vi 14 G (D)
JWR,C
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G=-2
R <

w, = i Y f, :ii ©)

R,C 2p RC

These formulae ignore the -@mp input bias currentss,l as low g op-amps are employed.
Otherwise,compensation resistors could be required at thamp inputs A bioelectric amplifier
demandsgain and HPF selection to accommodate to the bioelectric sifjhalconfigurationin
Figure 2allows this operatioby merely switching on the gain resistof &nong a set of predefined
values. Likewise, a set of HPF enff frequencies can be obtained by switching groRC. However,
low cutoff frequencies require high values of & C. Standard top resistorluas are constrained to
megohms, ad largecapacitors, usually electrolytic, have remarkable leakage currents that act as a
resistance in parallel with C. This effect is transferred to a DC level at the stage oytptich
depends on the leakage current. Hence, the achieved outcome duriegtgheas that switching on
electrolytic capcitors with different leakagemve an undesired set of different output DC levelg.at v

2.2. ProposedDesigns

The objective is to obtain programmable gain amplifiePGA) with HPF selection. Output DC
offset must be low and independeritom the selected cwuiff frequency. Hence, two new
configurations were implemented, as showrFigures 3 and4. Both are fully functional and either
one can be chosen.

Figure 3has a Fresistor network in the feedbacks(RR4, Rs). The new transfer function is obtained
in Equation 4), where G is defined ikquation 2). The HPF cubff frequencyEquation §) now
includes a RC magnifying factoin brackets) when comparedEguation 8). The HPF can be tuned
by selecting Gand R, while C, R, and R arekept fixed: solid state switches were applied for this
task. R/Rs can beashigh as needede.qg., 18, to avoid large capacitors with high leakage currents,
i.e., electrolytic
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Figure 3. Proposed design for the higiass filter with gain using a-fesistor network in the feedback.
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Figure 4. Proposed design for the higlass filter withgain using an inverter epmp stage
in the feedback.

At this point, IG input bias currenend input offset voltage become responsible for the output DC
offset at IG: a small nonzero DC voltage appears at the-R node. As B-Rs acts as a voltage
divider, the DC voltage is amplified to reach the output DC offset atTiius, R << R; should be
chosen to minimize and achieve a constant DC voltage at;tRe fbde.The ests showed that output
DC offset at IG remained constanmotwithstanding the ¥ valuesselected

Therefore, the stage shownHkigure 3features selectable gain, selectable HPF for DC suppression,
very low HPF cubff frequencies with standard resistors and low capacitor values, and low and
constant output D@ffset for any configuration.
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These characteristics witllso be featured by the second implementation, showrigare 4 The
feedback includes an egmp inverting stage previous to the integrator. The transfer function is shown
in Equation 6) and the HP cutoff frequency inEquation 7):

Hw ==& —

7i 1+ G
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G 1 G
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" %C ¢ ZP%C @)
Re Re

R, is equal to Rto create a voltage adder with the feedblp. The RC magnifying factor in
Equation 6) becomesa simple ratio, BRs, comparedto Equation 4). Hence, the HPFutoff
frequency ighe simplerEquation ¥), and as in the previous design, it can be adjusted by seleciing R
The magnifying factor allows low culff frequencies, amding large capacitors with leakages and
permitting R standard values.

Both designs add resistass an opampstagein the feedbackoop to create the magnifying factor,
if compared withFigure 2 Hencea certaindegradation in the voltage noiseeigpected due teither
the Johnson noise ttieresistors or the Gamp current noise conversion into voltage noise. However,
the feedbacloop behaves as a lepass filter in both designs, so the added noise is constrained to the
filter low-pass band. Hee, in closedoop operationthe designsn Figures 3 and4 HPF increase the
noise in the transition band, but the higgss band is not affected by the added ndfseeover,the
stagedepicted in Figure3 and 4rely ona previous amplification, e.grom a monolithic 1A with a
good noise performance. Thus, the noise budget can be properly constrained in the bioelectric amplifier

2.3. Output DCVoltageand Thermal Stability

Spurpus output DC levels depend on the clek®p behaviour and the eampinput bias currents
Is. The critical path in the design Figure 4is the magnifying branch composed by theRg op-amp
inverting stage and the resistos. Hhe loop opamps g contribute tothe spurious DC levels at v
and the main contributiooomes fom IC,. Thus,the output DC voltag¥, 4c can be constrained with
low Ig op-amps.On the other handhé op-ampinput offset voltage/os at IC; is transferred tov, by
the gain resistors [Rand R, but this DC levels compensated by the feedback network. However,
the Vos atIC, cannot be neglected@hus the Vos at IG, appearsat the R-R; node and it is transferred
to the ¥ node with the magnifying factdRs/Rs. Hence, \§ 4. dependsboth on Iz and \bs and is
calculatedby Equation 8).

Ig can be highly dependent on the temperaamdresponsibldor the thermal output voltage drifts.
Thus, a thermal increment in the-amp k will be multiplied andtranslatednto an increment in the
output DC voltagd/, 4, as described biquation 8).

The critical path in thedesign depicted irFigure 3is the branch composed by the-R-Rs
resistors.Here both k and \os of the loop opamp IC, areresponsible fothe spurious DC levels
Vo.de AS in the previouslesign, § and Vos effects are transferred t@ through the RRs-Rs network
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as described bizquation 9). Is can be highly dependent on the temperatur@é hence responsible
for the thermal voltage drifts. Later on, numeric values for the thernfed dnll be given for a set of
Six op-ampsin atrial:

__ K Rs
Vdc_'_ IB'Vos_
o R6R3 R 8)

Qo

R 41

+% +1§1|B +VOS%

DO

(9)

o,dc

<
o

0

2.4.TestCircuit

A bioeledric amplifier stagewas designed in order to evaluate the performancéehefcircuits
in Figures 3 and 4. A general purpose TL084 FET-app was the reference epmp, ad it was
compared with five precision epmps:MAX44252, OPA4277, OPA4132, AD8513 and AD8648
monolithic INA114 instrumentation amplifier (gam50) acs as the fronend. Figure 5 shows the test
circuit that implementshe stage shown iRigure 4, starting ativnode and ending aiy node.The
stage inFigure 3was testedafterwardsby replacingthe stagein Figure 4between the jy starting
node andthe vi; ending node. Two transient suppressors iackuded to protect the inputs from
electrostatic discharges.

Both implementations, Figuse3 and 4,were tested with two degrees of freedom. Hence, two
ADG408 analogue solidtate integrated switch@gereimplemented to select,;FRand R values. Then,
gain and cubff frequency can be selected by combinbagh switches. Each switch halsreeinput
bits for way selectionwhich allows for eight resistor values Hence, there are 64 possible
combinations,i.e., eight different cutoff frequencies for each of theight selectable gains. The
minimum cutoff frequencyin trial was 0.016 Hz and the maximum 31.83 Hz. The switching
procedure mape commanded with digital controller.

Figure5 also includes a level shifter after thgswode. It trins the constant output DC offset, and
accommodatethe DClevel to the MAX7401 lowpass filter (LPF) subsequent stage. The LPF stage
starts at the 4« hode and is amposed of an RC ardiiasing filter and the MAX7401 switched
capacitor filter (SCF).

2.5. Noise Analysis

The bioelectric amplifier noise is analysed with the test circuit depicted in Figure 5. The output
noise of the cascaded IA and HPF is tlcaiculated. Thus, the voltage noise spectral dengityrv
the white region and the corner frequengywhich is the 1/f noise boundary, are necessary and
supplied by the manufacturer datasheet. Hence, the voltage noise spectral derastoasiderd as
the composition of the 1/f loMrequency flicker noise and the white noise, as shoviagumtion (0):

en<f)|% :vnwﬁﬁ

€ () un = Vew

(10
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Figure 5. Test circuit for the stage in Figure 4.

vLL VNI

o~

Al
9y

©




Sensor013 13 13130

Equation(11) calculates the output voltage noisgn by composing the 1/f noise and the white
noise: the passband limits are defined by the lowebffudtequency firr determined by the HPF, and
the upper cubff frequency fpr. From the testircuit shown inFigure 5, the fbr cutoff frequency is
determined by the IA and tI&CF lowpass combined response.

Fromthe testircuit in Figure 5, the rms value of the total output noig@ew,: node is calculated
with Equation {2), where the gains and noigeltages of the IA and the HPF staaye indicatedThe
HPF noise contribution iapproximated by discarding tlog-amps noisdrom the feedbackioop in
both designsThis consideratiostems fromthe low-passbehaviourof the loopfor the 1/ffeedback
noise and the highr gain G of the mainop-amp invertingstagecomparedwith the loop gain. Hence,
the expected Vuprin Equation (2)is approximated by VMopamp

In order to comparthe rms voltagewith practical measurements an oscilloscopgit is useful to
convert the rms noise values into pealpeak valuesThus, a 6.6 conversion factaras appliedin
Equation {3)in order to assure that the peakpeak value is exceeded oiflyl % of the timg7]:

Ve = /ﬁ{::eg(f)df = \/ rj v,fwfc%df " fj V2, df =
f

a
:Vnw\/ fc In%H;: _+(fLPF - fc)

Vn,total = \jvnz,IA +Vn2,HPF = \/(GIAGHPFVn,IA )2 + (C;HPF\/n,opam;)2 (12)

Vi = 6.6Y (13

n,rms

(12)

QOO

The calculated resultsere compared with the noise measuseith an oscilloscopeat the output
of the test circuiin Figure 5 Extra noise is introduced by the gés located betweengvand v but
it was a minor contributioncompared tothe IA and HPF gain stagesontribution In fact the
oscilloscopenoise measure at,\acts as a reference to cgareto, asit will exceed the IA and
HPF contribution

3. Results
3.1 FrequencyResponse

Figure 6shows the SMD prototype thahplements the test circuib Figure 5 A collection of
frequency responses was measurédble 1 shows the tested values and the achievedffcut
frequenciedor the configurationin Figure 4 Figure 7displays the obtained frequency responses for
five HPF selected frequencies, shown in baldable 1 although the circuit can reach valweslow
as 0.016 Hasshownin Table 1 The responses were measured at the output of the test cycuit v
shown in Figure 5. Thus, the whole gain£506 , asindicated inFigure 7

Figure 7 also shows the LPF behaviour at the end of thebpass A suprposition would be
expected among the graphs, but the TLO84mp gainrbandwidth (GBW) product influences the LPF
behaviour: the higher the selected gain, the lower the LR&ftcirequency.
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Figure 6. SMD board that implements the test circimtFigure 5.(a) Top PCB side.
(b) Bottom PCB side.

(b)
Table 1.Cutoff frequencies (Hz) for each G and $tlected. BR¢ = 10°.
G 47 100 220 330 560 680 1,000 2,000

Rs
470 0.016 0.033 0.074 0.11 0.189 0.23 0.338 0.677
330 0.022 0.048 0.106  0.159 0.27 0.327 048 0.96
220 0.034 0.072 0.159 0.238 0.405 049 0.72 144
100 0.074  0.159 0.35 0.52 0.89 1.08 1.59 3.18

47 k 0159 0.338 0.74 1.117 1.89 23 3.38 6.77
33 k 0.226 048 1.06 1.59 2.7 3.27 482 9.64
22 k 034 0.72 159 2.38 4.05 4919 723 14.46
10 k 0.748 159 3.5 5.25 8.91 10.82 1591 31.83

Figure 7. Normalieed frequency response. Five selected gairsatd HPF cubff
frequencies are displayed. LPF behaviour is achieved with a MAX7401 at the output.
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As in standard filters, the HPF capacitor can require deblgdkinlow cutoff frequencies at the
initial setup. The electronic switching control system and the small capacitance C allow this operation.
In order to make it work, the highest HPF frequeiscgelected once the electrodes are attached to the
subject: the HPF delay constant is low enough to rapidly discharge the capacitor. Afterwards, the
required cuoff frequency is automatically established by the control system.

The output offset of thetage in Figure 4 was measured by applying the test circuit in Figure 5. A
0.05 V DC voltage was injected at the IA \nput and the IAvi nput was grounded.
were obtained at thgaynput node. The achieved output offset was 3.48 V atigh@ade for any gain
or HPF frequency resistor configuration.

The circuit in Figure 3 was also tested by substituting the HPF stage in the test circuit in Figure 5.
The experimental output D@ffset was 530 mV for any gain or HPeduency resistor configation.

In order to compare these Bgifset values with the ones in the starting circuit shown in Figure 2, a set
of cutoff frequencies was tested by switching the gain resiston Rigure 2 and the capacitance C.
Off-the-shelf electrolytic capacitonsere chosen to demonstrate the effect of the leakage currents, and
Rs was fixed to 1 MV. As before, an INA114 instrumentation amplifier was connected at the input of
the stage in Figure 2. The applied test voltages were the same as in the previoas 8§ Vdc at

the 1A v input, IA v, grounded and, hence2.52 V were acl@ved at the input node m Figure 2.

Table 2 displays the results obtained for this test. Table-@fttrequencies are related to thees in

Table 1 and can be compared.

Table 2.Figure 2 aitput offsets andut-off frequencies for each gain G and C selected.

G 47 330 2,000
C HPF DC-offset HPF DC-offset HPF DC-offset
Frequency (Hz) (V) Frequency (Hz) (V) Frequency (Hz) (V)
470 F 0.016 1.90V 0.11 1.63V 0.677 245V
330 \F 0.022 410V 0.159 715V 0.96 Output
saturated
220 \F 0.034 1V 0.238 0.8V 1.44 0.466 V
Output Output
100 W 0.074 13.13V 0.52 saturated 3.18 saturated
Output Output Output
AT 0.159 saturated 1.117 saturated 6.77 saturated
Output Output Output
331F 0.226 saturated 1.59 saturated 9.64 saturated
22 \F 0.34 22V 2.38 6.73V 14.46 85V
10 & 0.748 4.02V 5.25 4,19V 31.83 10V

The most remarkable conclusion regarding the results in Table 2 is that the output offsets are highly
variable betweermonfigurations, which arendesirable for a PGAnN certain casethe outputeven
saturates due to the requested high offset. This offsgbility depends on the resistor/capacitor
configuration. The high DC leakage current in the electrolytic capacitor through the resistarsBs
the deviations. This current depends on the manufacturer, the capacitance and the electrolytic capacitc
specifications. In comparison, the designs in Fig@&e&nd 4 maintain a constant low output offset,
notwithstanding the configuration selected.
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3.2 OutputDC Offset

Both circuitsin Figures 3 and 4are expected tdeliver a low output DC offseat v,. However,
the underlying technology of the -@mps involved will affect this value. Both designs are
configurationselectable (gain and coff frequency) so it is expected that the offset valuesl
be configurationdependantHence, two parametevgere measured: output DC offs¥,ros, and the
maximumvariation of theoutput DC offset g3 npt.os, for all possible configurations

Six opamps were analysed. Table 3 displays the maximum input offset volgggeipplied by the
manufacturer, among other specifications. The reference configuration to meaguse i¥ the
combination of the lowest gain and the highest HPFotlutrequency. The circuit performance in
Figure 4 is measured at thg,anode in the st circuit in Figure 5, and the results are displayed in
Table 4. Table 5 displays the measures obtained atnthaode, after replacinthe HPF circuit in
Figure 5 by the circuit shown in Figure 3.

Table 3. Manufacturer specifications for the-@mpsin trial. n/a: not available.

OP-aMP | 1 184 MAX44252 OPA4277 OPA4132 ADS513 ADS643
Parameter
Technology FET No FET No FET FET FET FET
Power supplyV) +15 +10 +15 +15 +15 +12.5
Vow (NV/ICHz @ 1kHzZ) 18 5.9 8 8 8 28.5
Vostyp (W @ 25°C) 3,000 3 20 500 100 50
Vosmax(V @ 25°C) | 6,000 6 50 2,000 400 750
ls typ (pA @ 25°C) 30 200 n/a 5 25 0.25
s max (pA @ 25C) 400 1,300 2,800 50 80 1
f, (Hz) 300 30 20 100 100 100

Table 4. Output DC offseimeasuredat the vy, node inthetest circuitin Figure 5for the
HPFin Figure 4

Op-amp TLO84 MAX44252 OPA4277 OPA4132 ADS8513 AD8643
Vhptos 3.48V 110 mV 115 mV 165 mV 0mVv 500 mV
OV hpt-0s 10 mV 70 mV 285 mV 5mVv 5mVv 5mVv

Table 5. Output DC offset measured at thgs\node in Figure 5 after replacing the HPF
with the circuitin Figure 3

Op-amp TLO84 MAX44252 OPA4277 OPA4132 AD8513 AD8643
V hpt.os 530 mVv 110 mV 120 mV 100 mV 1170 mv. 1195 mV
QV hpt-os 5mv 165 mV 255 mV 20 mVv 10 mVv 5mv

Tables 6 and 7 show the typical and the maximum offset values expectbe at,s node. The
values were obtained from Equatsof8) and (9) and the 3% and k manufacturer spdaations in
Table 3. Again, the reference configuration to measupeoYis the @mbination of the lowest gain
and the highest HPF coff frequency. The statistical relevance of the offset values relies on these
specifications. Thus, the results shown in Tadlend 5 should be considered as a sample in order to
compare the measuregth the ones in Tabst and 7.
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Table 6. Output DC offset estimatedrom the manufacturer specification¥alues
obtainedat theoutputv, for the HPF inFigure 4.

Op-amp TLOB4  MAX44252 OPA4277 OPA4132 AD8513  AD8643
IV hptos iy 3.00V 5.00mV - 500mV 100mV 500 mV
IV hprosyd ~ 13.8mV 920 mV - 230mV  115mV  012mV
IV hpt0s,mal 150V 185 mV 780 mV 2.00V 1.00V 750mV
IV hprosmad  184mV 598 mV 1.29 V 230mV = 368mV  046mV

Table 7. Output DC offset estimated from the manufacturer specifications. Values
obtained at theutput v for the HPF in Figure 3.

Op-amp TLO84  MAX44252 OPA4277 OPA4132 AD8513  AD8643
IV hpros.yd 3.03V 5.03mV - 501 mV 100mV 500 mV
|opV hptos.tyd 14.0 mV 930 mV - 2.33mV 116 mv 0.12mvVv
IV hpt08,mal 150V 187 mV 784 mV 2.00V 1.00V 751mV
|cpV hpt-osma 186mV 6056 mV 1.30V 233mV. 372mV  0.47mV

3.3 ThermalStability

Thermal stability of the output offset Mros was measured at the laboratory. Tests were performed
with a set of opamps from different manufacturers and a temperature sensor attached teathp op
packageWide excursiornvalues were measured to confirm ¥gyos variation withthe temperature.
However, the sensor fixture was not reliable enough to give accurate drift vetheestore in order to
tabulate the driftsthe thermaldeviationswere obtainedfrom the opamp Ig drift with temperature
supplied by the manufacturai/hile thecircuit is intended to workndoors at room temperature, ra
increase inthe package temperature egpected during the normal operatidfence current and
voltage driftsreferto 25€ in this analysisThus,Table 8displays the TLO84gli n c r e nggwhén (
the opamp temperature is increased from°25to 50°C, 75°C and 100C.

Table 8 g at three temperatureBoint of reference, room temperature., 25°C.

15(50 °C)i 15 (25 °C) 230pA
15(75 °C)i I (25 °C) 1,430pA
15(100°C)i Iz (25°C)  6,930pA

Output voltage driftwith temperaturegd/ 1 npros in Figure 4is calculatedusing Equation 8) by
substituting 4 with the qpg valuesin Table 8 The resulting equation for the test circumtFigure 5is
Equation (4) and the results are displayedTiable 9 Likewise, thedrift in Figure 3is calculated with
Equation 9) from Table 8 Then, the HPF in Figure i8 replaced in the test circuit in Figure\shere
Ri=1kq, Reranges fromd 7 k q t Rsis 2ompliged between 1@kand 470 k , 4=RO00 kq
and R = 100 q . Thus the resulting expressionin Equation {5) specifies a maximum limit for
the lowest Rvalue,i.e, 1 0 .HKhgresultsin Table 10are calculated witlEquation 9) for each R
value selected
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DV} por.0s = - 1000R, DI (14
DV pr.os ¢ 101R; M (15

Tables 9 and 10 show low drifts at 50°C and moderate drifts at 7%, as these voltages are
intended to entein a presentation device ar an analogo-digital converter with a higher dynamic
range, e.g., 5 V. Remarkable drifts are obtained atCQ@eaching 3.2 V for the worst ca3éne HPF
design with a TL0O84 is intended foapom temperature so its performanceis quite acceptable
However, higher temperature variations will require-amps witha lower Is. Later on, a set of

6 specific opamps from different manufacturergere analysed in order to compare the thermal
performance with the proposed HPF designs.

Table 9. Output voltage driftspV/ 1 npros (MV) for the HPRN Figure 4 25°C point of reference

Rs( k g
Voltaje Drift (mV 10 22 33 47 100 220 330 470
V1 npros @ 50 °C 123 151 176 1108 1230 1506 1759 1108
o1 hptos @ 75°C 1143 1315 1472 1672 1143 1315 1472 1672
PV 1hpros @ 100°C 1693 1153 1229 1326 1693 11524 12287 13257

Table 10 Output voltage driftspV/ 1 npros (MV) for theHPFin Figure 3 25 °C point of reference

Rs( k d
Voltaje Drift (mV 10 22 33 47 100 220 330 470
gV 1 hpros @ 50°C 23 51 76 108 230 507 760 108
gV 1 hptos @ 75°C 145 316 474 674 143 315 473 673
Q1 hpros @ 100°C 701 153 230 327 694 1,527 2,290 3,261

The thermal drifts were also analysed for the set of -@rops previously selected. As expected,
the higher the Rvalue, the worse the drift obtained. So, in order to compare the stabilitiess Table
and 12 give the outcomes for the highesv&ue in trial.

Table 11.0ut put v o lWggémVdfor tht HRF ingfigure 4, R= 470 Kk q,
25°C point of reference

Voltaje Drift (mV) \Op-amp TL084 MAX44252 OPA4277 OPA4132 AD8513 AD8643

V1 hpros @ 50T 710 194, 0.0 i79. 14. 10.
V1 pros @ 75€ 167 1212 0.0 i45€ 130. 12,
V1 npros @ 100€ i 257 1329 7118 186 118 110.

Table 12.0ut put Vv o |MUWRgémVforithe HRF ingpigure 3, = 470 kq,
25°C point of reference

Voltaje Drift (mV) \Op-amp TLO84 MAX44252 OPA4277 OPA4132 ADS513 ADS643
V1 hpros @ 50T 108 94.1 0.0 80.0 4.7 0.4
/1 ppros @ 75€ 673 212 0.0 457 30.6 2.8
V1 npos @ 100C 3,261 329 118 1,868 181 10.3
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34. Noise

Noise performance was calculated from the manufacturer specification®Afterwards, the
calculationswerecompared with the measurementstainedfrom the oscilloscope Table 13displays
the noise data for the INA114 instrumentation amplifier and the TLO&hgp Then,the test circuit
in Figure Swasapplied for the set of 6 configurations displayed able 14and output noise voltage
was calculated at the node,y As explainedpreviously,the noise calculations are valid for both
circuits inFigures 3 and4. Thus,expressiongEquatiors (12) and(13) wereapplied to obtaitheresults
in Table 15

Table 13. Noise specificatiosfor the circuits INA114 andL084.

o Parameter | | (WieHz)  f. (H2)
INAL14 10 10
TLO84 18 300

Table 14 Configuration set and related parameters for the noise analysis.

Parameter Gain HPF Cut-off LPF Cut-off
Config # Gia Gupr Frequency, fuer (Hz)  Frequency,fipr (HZ)
1 50 47 0.748 2,500
2 50 47 0.016 2,500
3 50 220 0.35 2,500
4 50 330 0.11 2,500
5 50 2,000 3183 2,500
6 50 2,000 0677 2,500

Table 15 Output peakio-peak noise voltagenV) at the vpr node inthetest circuitin Figure 5

Config # 1 2 3 4 5 6
Vi pp (MV) 779 785 365 549 329 331

Noise was measured at the outpgbf/the test circuit in Figure 5 with an oscilloscope. Henge, v
and v inputs were grounded. The configuration set shown in Table 14 was applied to obtain a set of
6 graphs, as displayed on the kttein Figure 8. Afterwards, the HPF in Figure 4 was replaced by the
HPF in Figure 3. The set of graphs obtained is display&iure 8 on the righdide The time span is
20 s, so noise frequencies as low as 0.05 Hz cabdened.

As previously done, the noise analysis wa® gderformed for the set of six-@mnps in trial. Thus,
the results in Table 15 are extended tordst of the ogamps in Table 16.

The whole st of six opamps was measured with thecilloscope to evaluate noise performance.
To avoid excessive data, the lowesise opamp tests are displayéd Figure 9 From Table 3 the
MAX44252 circuit has ay, = 5.9nV/CHz at 1kHz and § = 30 Hz
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In order to givestatistical relevance to the noise measurements in Bi§used 9, a wider sample
of IAs or opamps can be tested with the oscilloscope. On the other hand, the manufacturer is
responsibldor supplying the IAs or ofampsaccording to the specifications. Hence, from a statistical
point of view, noise can be estimated for a certain 1A eammp seriefrom the manufacturer data as it
is done in Table 16.

Figure 8. Noise graphsor the test circuitn Figure 5at . On the leftconfigurations 16
for the HPFin Figure 4 On the right, configurations 6 for the HPHn Figure 3. Vertical
span is 160 mV (20 WYdiv). Horizontal span is 20 s.

Configuration 1 Configuration 2 Configuration 1 Configuration 2

0,000 % 10,000 s |
2,00 s/div realtime

v 2.0 4hdte. i,
Configuration 3 Configuration 4 Configuration 3 Configuration 4
. » - . S . - s o .

0.000 & 000
2,00 siaiv realtine

200 W7dTY

i

0.000 s 0.000 - 0.000 3
2,00 s/div 2,00 s/div

Configuration 5 Configuration 6

0.000 s
2.00 s/oiv

Configuration 5 Configuration 6

0.000 s
2.00 s/dtv

10.000 5

0.000 s 0.000 s
2.00 ssa1e realtime 2.00 s/aty

Table 16 Output peakio-peak noise voltagenV) at the vpr node in the test circuih Figure 5

config#\ 4 2 3 4 5 6
Op-amp
TLO84 779 785 365 549 329 331

MAX44252 7.78 7.84 36.5 54.8 329 331
OPA4277 7.78 7.84 36.5 54.8 329 331
OPA4132 7.78 7.84 36.5 54.8 329 331
AD8513 7.78 7.84 36.5 54.8 329 331
ADB8643 7.79 7.86 36.5 54.9 329 332

As an example, Figure 10 displays two recordings performed with the test circuit in Figure 5: an
ECG and an EMG, both recorded with Ag/AgClI wet electrodes.
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Figure 9. Noise graphs for the tesircuit in Figure 5at \, and the MAX44252 as the HPF
op-amps. On the left, configurationsi @ for the HPFin Figure 4 On the right,
configurations 16 for the HPFin Figure 3 Vertical span is 160 mV (®mV/div).
Horizontal span is 20 s.

Configuration 1 Configuration 2 Configuration 1 Configuration 2

~10.000 ¢ 0.000 10.000 & 1 000 5 000§
2,00 s/dly realtine

ET) s 0.000 &
2,00 s/dtv res)tine 2.00 s/dly realting

Configuration 3 Configuration 4 Configuration 3 Configuration 4

200 WY

000 & i L3 -10.000 s .000 &
2.00 s/aw roal 2,00 s/aty realty 2,00 s/div

Configuration 5 Configuration 6 Configuration 5 Configuration 6

||, w ”F ”Hl"'”] ]m”- lpluwv”” F
YA

Figure 10.Sample biopotential recordings performed witatest circuitin Figure 5at the
Vhpt NOde and AgQ/AgCIl wet electrodeszain = 2350, fupr = 0.748 Hz. (a) An ECG
(b) An extensor carpi radialis longEMG.

- 500 mi/diy

2.500 5
real time |

-360.00 ms 640.00 ms 1.647(:,'": -2.500 s 0.000 s
200 ms/div realti | 500 ms/div

(@ (b)
4. Discussion

The frequency response wasnsistentwith the calculatedHPF cutoff frequencies.Figure 7
displays the response for the TL084, but similar responses are obtained for the rest afrtpsiop
Table 3 The LPFbehaviour at the end of the band will dependstly on the GBW product of the
selected ofamp and the MAX7401 LRF
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4.1 Noise

As expected, most of the noise contributiorthe circuitin trial comes fronthe front stagd,e., the
IA. The IA input noise igransmittedo the HPF input, amplifiedybGa = 50. Hence, the IA maximum
noise contribution at the HPF outgsiGiaG Hpr.ma@ nia = 10% na, While the HPF contribution at the
HPF outputis Grprma® nhee = 210 % uer Hence,according to the values ifables 3 and 13, the
HPFplaysa secondary role in thetal noisebudge.

Table 15 shows the noise calculated at the output of the HRAy (node) for the TLO84
op-amp andthe set of six configurations described Table 14 Values are consistent with the
oscilloscopaneasuredyraphsin Figure 8 Noise voltage increases with HPF gain increments. Calculated
values inTable 15are close to the experimental graph&igure 8for the lowest gain configurations #1
and #2Thecalculated values for configurations #3 toiftd able 150verestimate the experimental values
gatheredn Figure 8 Noise calculationsvere estimated from the differential gaithey assumed that the
noisefeedback irFigures 3 and4 was not relevant, as explained previoublgnce, fronthe oscilloscope
observationghe calculationsan be confirmed asvalid limitof the experimentaheasurements

From thetime basein Figure 8 with a 20 s spant can be observed that batie low frequency
flicker noiseandtherest of the whiteoise areconstraned Hence, the flicker noise has a very limited
effecton the noise performancaptwithstandinghe low HPF cubff frequencieselectedMoreover,
lower HPF cutoff frequencies were tested the lalratory and noise was calculated, but there
were no relevant changes in the noise dalso, the stage noisén Figure 2was measureth the lab
by inserting it in the test circuib Figure 5 In this case thaoise voltages were similar to the values
measured ifrigure 8 Therefore it can be coduded that the main noise componerngduced byhe
front-stagej.e., the IA.

Table 16summarigs the results for the six @mpsin trial. The alculated noise voltagefom the
datagatheredin Table 3 are virtually equal for the whole set of -amps.The six opamps were
measured with the oscilloscope and the test circuifigure 5 The sample inFigure 9displays
the measurements for the lowest noiseaop MAX44252.Figures 8 and 9 andthe calculations in
Table 16can be compared. The graphs are consistent with the calculatidiadlen 16 The noise
levels forthelow noise, non FETMAX44252, are similar to the general purpose FETaopp TL084.
Again, it is concluded thathe HPF noise contribution is of minor iogance in comparison with the
IA noise

4.2 Output DCOffset

The HPF output is expected to deliver signals within a dynamic range of several volt$ ¥.@r
+15 V. This rangeis closely related to the HRsower supply The ulterior stages and th&DC input
dynamic rangerethe referenceagainstwhich to compare the HPF output DC offset. We take a
5 V dynamic rangéor the ADC as a reference for these analyses

The HPF output DC offset depends on theaaomp technology, andable 3displays the two
parameters that affect this offset. Vos and k. FET opanmps give the lowestgl However, some
nonFET precision omps can deliver very lowd¢ values,such agthe MAX44252 or the OPA4277.
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Tables 4 and 5 display two key parameters order to evaluate the DC offset performances.ds
andg¥ npros

Vhpt.os represents the baseline output DC offset &irchn be compared with th®DC dynamic
range. The highedlnytosis for the TLO84 and hardware trimming would be requifiéee test circuit
in Figure 5showsa trimpot to accommodate the signal to the MAX7401 as a consequenceim
the Vihpr.os The lowest Wpr.osis for the MAX44252 or the AD8513, depending on the configuration.

However,qVhptros adds valuable information, sithe circuit is intended to work as a PGA. Hence,
it would be desirable to have a minimwnpros Within the set of available gaingccording to
Tables 4 and 5, the worst performance is for theonFET opamps,i.e, the OPA4277 and
the MAX44252.

From Tables 4 and5, it is observed thalz is the main responsibl®r the g npros values.The
designsin Figures 3 and 4rely on R to switch the cubff frequency as shown irthe test circuitin
Figure 5 Switching the gain resistoR, and keeping Rconstant results imd/npros = 0 for any
op-amp.On the other handhevalueVnposis related to a combination dfos andlg, and depends on
the configurationi.e., the circuits inFigure 3or Figure 4

Thus, he performancedepend on the stage and the -@mp selectedAs a tradeoff, it can be
concluded that the FET ewmps deliver the best results in terms\ofros and g npr.os Low
frequency 1/f noise could be a drawbaskh FET opamps.However, from the previous noise
analyses, it was concluded that the front stawee from the IA, is the maircontributionto the noise
budget.Hence, he bestesultsin terms of Vipros and gV npr.os are achieved with the AD85k8hdthe
OPA4132.According to Table 3 both circuits ha® very low k and moderate & Nevertheless,

a general purpose TLOSZET op-amp canalso deliveran excellentqd/npr.os performance when the
Vhptos IS trimmedat a subsequent stagén the other hand, it is worth toghlight that the Vptos is
not related to the gain G, as seenEmuatiors (8) and(9), where there is no dependemteR; or R.
This fact was also verified in the laboratory.

The data inTables 4 and 5 were obtained at the laboratory for the set @ngpsunder testingin
order to give a statistical significance to ttedues Tables 6 and7 were calculated. These two tables
are a useful tool for the designer and rely on the typical and maximum values supplied by the
manufacturer. They are a referencedmfront dataso it may beconcluded that the measured values
in Tables 4 and 5 are related to thepWos yp values and within the pr.os maxinterval of values. The
same conclusion is appliéd g npt.os, typ aNA GV hpr-os,max Altough thegqnpros = 5 mV measured fo
the AD8643 was higher than the calculated values (about 0.47 mV), it is considered a measurement
error due to a lack of precision. The rest of 4énpros measured values Tables 4 and 5are
consistent with the calculated valuasTables 6 and7.

4.3. ThermalStability

Tables 11 and12 showthe thermal stabilitperformance for the set of @mpsin trial. Bothtables
show similar results in absolute vasueéhe AD8643 circuit is the most stapleith a maximum
deviation of 10.3 mVand the OPA427presentsa negligible driftup to75 °C. However, the general
purpose TLO84 performande not so goodwith a maximumod thpros = 3,260 mV. Also, the
OPA4132 gives a highV 1 npros = 1,868 mV.Hence, br low powerapplications atoomtemperature
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(25 °C), when the thermal drifts areconstraineda general purpose @mp could be choserBut
depending on the application, the environmental conditions and the cooling of the enclosure, a careful
selection of the omp is required.Hence, the o@mmp choicejn terms ofDC offset, involves a
tradeoff betweerthermal stability and output DC offset.

5. Conclusiors

DC analysis is not often described in depth in bioelectric amplifiers. However, it cannot be
neglected, as high gains and low-ofit frequencies pose certain problemi$is paper proposes
simple intermediatestage to overcome the DC issueence, wo rnew designs weranalygd and
testedto implement this stag&hey feature(i) DC coupling (ii) selectable gaifPGA) and HPEF- (iii)
low and constant output DC offset for any configurati@m) very low HPF cutoff frequencies,
avoiding large capacitgrand(v) capacitor deblocking strategy.

From the analyses, it is concluded tha&neral purpose FET emmps can be usedn room
temperature conditionsmall offsetvariationsgVnpr.os are achieveavhen switching gains and caff
frequenciesbut outputDC offset trimming can be required order to minimizethe constant offset
Vhpt.os at the outputPrecision FET ofmmps with low ¢ and low \bs avoid this trimming. However,
variable hermal conditions can involve a trad# betweenthermal stability andutput DC offset
when selecting the eamp On the other hand, the 1/f noisan be relevant in FET egmps, although
it is not a drawback as the Ifkont-end noiseis the main contributiorto the noise budget-or
switching purposes, it iworth notingthatVnpr.os is not dependant on the stage gain G.

Hence, this single PGatagecanreducethe DCcoupling problemsvith minimum or no trimming
It can be combined with a monolithic IA, or an adapted differential feodtwith moderate gaiifhe
test cicuit was designed with a setldPF cut-off frequencies ranging from 0.016 Hz to 31.83 Hz and
a set of gains ranging from350 to 16. Thus, his IA-PGA reducedsetcandeliverthe selectable gain
andhigh pass filteringequired for a bioelectriamplifier.
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