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Abstract— Non-contact biopotential sensing is an attractive
measurement strategy for a number of health monitoring
applications, primarily the ECG and the EEG. In all such
applications a key technical challenge is the design of a
low-noise trans-impedance preamplifier for the typically low-
capacitance, high source impedance sensing electrodes. In this
paper, we compare voltage and charge amplifier designs in
terms of their common mode rejection ratio, noise performance,
and frequency response. Both amplifier types employ the
same operational-transconductance amplifier (OTA), which was
fabricated in a 0.35um CMOS process. The results show that
a charge amplifier configuration has advantages for small
electrode-to-subject coupling capacitance values (less than 10 pF
- typical of noncontact electrodes) and that the voltage amplifier
configuration has advantages for electrode capacitances above
10 pF.

I. INTRODUCTION

The ability to make low noise biopotential measurements

provides the foundation for a number of important medical

sensing applications, primarily the electrocardiogram (ECG),

the electroencephalogram (EEG), and the electromyogram

(EMG). The electrode types used in such sensing appli-

cations fall into the following categories: wet conductive

gel electrodes, dry contact electrodes, insulated electrodes,

and non-contact, stand-off electrodes [1]. The overall source

impedance of wet-gel, dry-contact, and insulated electrodes

typically is much smaller than the source impedance of stand-

off non-contact electrodes, often by a factor of 1000 or more.

For low source impedance (a high coupling capacitance in

combination with low series resistance), a voltage follower

amplifier typically is employed. To minimize the gain error of

the amplifier it is useful to keep the source capacitance much

larger than the preamp input capacitance, which includes

unknown and difficult to control stray capacitances. For

non-contact electrodes, the source capacitance may be less

than 1pF so very strict control of the stray capacitance at

the preamp input is required to minimize gain uncertainty.

A trans-impedance charge amplifier [2] is an alternative

option to consider for low capacitance source electrodes. In

this paper we explore biopotential measurements employing

weakly coupled electrodes (low capacitance) and make a

comparison of the relative merits of the standard voltage

follower and charge amplifier configurations.
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Traditionally, non-contact sensors have been built with a

high input impedance voltage follower amplifier (VA), [1]

and [3]. Due to the small source capacitance, the input

capacitance of the front-end VA must be kept extremely small

or otherwise neutralized, however this can degrade the noise

performance [4]. To cope with small bioelectric signals, a

charge amplifier (CA) design is a promising option because

its gain is independent of the input capacitance of the pream-

plifier [5]. Furthermore, shielding in the CA configuration is

straightforward and the low-frequency cutoff is independent

of the source capacitance. However, the challenge of using a

CA is that its gain depends on the source capacitance, which

may be modulated by the relative motion of the subject and

the electrodes.

In this paper, we compare the performance of a voltage

and charge amplifier configurations with respect to the re-

quirements for differential biopotential recording systems

for different ranges of source capacitance. We begin this

in the following section with an analysis and a comparison

of the predicted performance of the VA and CA configu-

rations. In section III we present experimental results with

an operational transconductance amplifier (OTA), fabricated

in a 0.35um CMOS process, which are followed by a brief

conclusion.

II. AMPLIFIER ANALYSIS

In this section, we compare the voltage and charge mode

amplifier configurations in terms of their common mode

rejection ratio (CMRR), frequency response, and noise per-

formance.

A. CMRR

Interference from ac power lines or other common-mode

signals will appear at the amplifier output if the CMRR

of the sensor system is low [6]. Although such interfering

signals can be filtered out in principle this requires additional

circuitry and amplifier saturation remains as a possible prob-

lem. In clinical ECG applications the driven right leg (DRL)

technique is commonly used to achieve high CMRR; this

method can be employed with either a VA or CA. However,

the DRL method is not feasible for use in an ambulatory

setting, which is of interest here. Thus in the following we

analyze the CMRR for both the VA and CA amplifier types

in a conventional differential mode configuration.

In Fig. 1 a generic differential amplifier is shown. The

input stages H1(s) and H2(s) may be implemented as either

a VA or CA, as indicated in the figure. For the VA the

differential output Vod,vol and common mode output Vocm,vol

can be expressed as,
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Fig. 1. A generic differential amplifier where the two input channels may
be implemented as either a voltage amplifier or a charge amplifier.

Vod,vol =
1

2
VdH1(s)−

(

−

1

2

)

VdH2(s)

=
1

2
Vd

[

sRinCs1

1 + sRin(Cs1 + Cin)
+

sRinCs2

1 + sRin(Cs2 + Cin)

]

= Vd ·Ad vol (1)

Vocm,vol = VcmH1(s)− VcmH2(s)

= Vcm

[

sRinCs1

1 + sRin(Cs1 + Cin)
−

sRinCs2

1 + sRin(Cs2 + Cin)

]

= Vcm ·Acm vol (2)

where H1(s) and H2(s) are the transfer functions of the

two voltage amplifiers and Cs1 and Cs2 are the source

capacitances at each differential input. Rin and Cin are the

amplifier input resistance and capacitance, respectively. To

simplify the calculations, we assume that both input channels

have equal input resistance and capacitance. Therefore, the

CMRR of the VA can be expressed as:

CMRRvol =

∣

∣

∣

∣

Ad vol

Acm vol

∣

∣

∣

∣

=
1

2

[

Cs1 + Cs2 + sRin (2Cs1Cs2 + Cin(Cs1 + Cs2))

Cs1 − Cs2 + sRinCin(Cs1Cs2)

]

(3)

We define α, the source capacitance mismatch as follows,

Cs1=Cs(1+α), Cs2=Cs(1-α). We estimate that in practical

cases the mismatch term α may exceed 50% due to a

significant motion of the non-contact electrodes with respect

to the test subject. Thus, the CMRR can be written as,

CMRRvol =
1

2α
+

(1− α2)sRinCs

2α(1 + sRinCin)
(4)

Similarly, the CMRR of the differential CA can be derived

as follows,

Vod,ch =
1

2
VdH1(s)−

(

−

1

2

)

VdH2(s)

= −

1

2
Vd

[

−sRfCs1

1 + sRfCf

+
−sRfCs2

1 + sRfCf

]

= Vd ·Ad ch (5)

Vocm,ch = VcmH1(s)− VcmH2(s)

= −Vcm

[

−sRfCs1

1 + sRfCf

−

−sRfCs2

1 + sRfCf

]

= Vcm ·Acm ch (6)

CMRRch =

∣

∣

∣

∣

Ad ch

Acm ch

∣

∣

∣

∣

=
1

2

(

Cs1 + Cs2

Cs1 − Cs2

)

=
1

2α
(7)
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Fig. 2. CMRR vs. mismatch ratio of coupling capacitance α for a voltage
amplifier and a charge amplifier. Other components in the circuits are
assumed to be perfectly matched. Both CMRRs behave identically when
source capacitance becomes small, 0.2pF in the example given here.

We note that the CMRR of the VA (4) has an additional

term in comparison to the CMRR of the CA (7). The CMRR

advantage of the voltage amplifier comes about from the

feature that the input impedance Rin of the VA is grounded

which enables a degree of control with respect to the resistive

charging path for common mode interference. In contrast,

since the feedback resistor Rf of the CA is not grounded, the

common mode interferences may not be attenuated as much

as in the VA. As shown in (4), since the source capacitance

Cs and the input capacitance Cin are equally small, the way

to increase CMRR is to raise Rin. In addition, as shown in

(4), the CMRR exhibits a high-pass characteristic, where the

second term becomes dominant for high frequency common

mode signals.

In order to compare (4) and (7), both equations were

numerically simulated at mid-band frequency in MATLAB

using the typical values given in Fig. 2. The VA displays

better CMRR than the CA, when the source capacitance is

comparable to the input capacitance. However, when Cs is

small in comparison to Cin (20% or less) the CMRR of both

systems is nearly the same. In a non-contact interface the gap

between the electrodes and the test subject are millimeters

or greater, and therefore the coupling capacitance typically

is small. Overall, the CMRR of the voltage amplifier config-

uration is superior to that of charge amplifier configuration.

B. Frequency Response

Since the gain of the VA shown in Fig. 1 exhibits a

non-linear dependence on the source capacitance Cs, its

frequency response may become unstable and difficult to

predict for small values of the source capacitance. In contrast,

the gain of the CA is determined simply by the ratio of

Cs and Cf . Fig. 3 shows the gain simulation for the two

amplifier configurations with typical parameters. The gain of

the VA approaches to 0 dB for larger source capacitances,

above a few pF. Therefore, the CA might have better gain

linearity in the weak coupling, small source capacitance

regime, which is typical of non-contact applications.

In addition, the high pass corner frequency ω0 of the

VA, ω0 = 1/Rin(Cin + Cs), with the mismatches α in II-

A, can influence the accuracy of the subsequent differential

measurements. In contrast, the high-pass corner frequency of

the CA is independent of the coupling capacitance Cs and
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Fig. 3. Mid-band gain simulation of the voltage and charge mode amplifier
for different values of coupling source capacitances. The voltage amplifier
highpass corner cutoff from Cs = 0.2pF is also shown for ±50% mismatch.
The charge amplifier has a constant corner frequency at 0.5Hz, which is not
shown.

can be kept constant. Herein, we define the corner frequency

of the VA including the mismatch variation term as shown

in (8),

ω0,mis = ω0 ±∆ω0|α=50% (8)

where we consider an extreme case scenario of α equal

to 50%. The values of ω0 are computed versus source

capacitance Cs, and are shown in Fig. 3. It can be seen that

the corner frequency and its variations due to the mismatch

both decrease with higher source capacitance. In general, it

is preferred to keep the corner frequency of the VA far below

the signal frequencies of interest throughout the entire span

of source capacitance values.

C. Noise Performance

The noise of both amplifiers is dependent upon the source

capacitance value. We are interested in finding the input

referred noise at the source of the electrode-subject interface.

First, we model the noise of the operational transconductance

amplifier (OTA) with voltage noise source Vn and current

noise source In at the input transistors of the OTA. Then,

we derive an expression for the input referred noise power

of both the VA and CA; these expressions are given in (9)

and (10), where ∆f represents the noise bandwidth.

V 2
n,vol = V 2

n (
Cs + Cin

Cs

)2 +
4kT∆f

R2
in(sCs)2

+
I2n

(sCs)2
(9)

V 2
n,ch = V 2

n (
Cs + Cin + Cf

Cs

)2 +
4kT∆f

Rf (sCs)2
+

I2n
(sCs)2

(10)

Normally, Rin and Rf are large (several tens of Gigaohms)

in comparison to the source impedance, which minimizes its

effect. Moreover, the current noise In of a CMOS transistor

is small (femtoamperes). Therefore, the last two terms in

(9) and (10) can be neglected in the input referred noise

calculation.

The simulation results and the simplified noise expressions

for both amplifiers are shown in Fig. 4 where the input

referred noise is the product of the voltage noise Vn and

the noise gain. For the given parameters, the noise powers

of the VA and CA are approximately equal whenever Cf is

much less than the sum of Cs and Cin. However, in non-

contact scenarios the source capacitance can be less than

1pF, which is comparable to Cf . Therefore, for small source

capacitance, the VA exhibits better noise performance than

the CA.

!"# # #! #!! #!!!
#!

!

#!
#

#!
$

%&'()*+),-+.-/0

12
-
'
3+
(*
4*
((
*
5
+

2
&
67
*
+8
,
62
+.
9:
;:
90

!

!

:&<"+=>?

@A"+=>?

Fig. 4. Input referred noise gain simulation of the voltage amplifier and
charge amplifier. The noise gain is almost equal for coupling capacitance
values greater than 15pF. The voltage amplifier has better noise performance
when the coupling capacitance is small, i.e., below 10pF.
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Fig. 5. (a) Two-stage OTA with transistor size indicated. (b) Microphoto-
graph of 2.8 mm x 0.2 mm low noise front-end OTA.

III. EXPERIMENTAL RESULTS

To experimentally verify the comparative performance of

the VA and CA discussed above, we employed an identical

OTA but different closed loop configurations to implement

both types of amplifiers. The OTA design that we employed

is a standard two-stage topology amplifier [7] with PMOS

input transistors. The chip was fabricated in a 0.35um CMOS

process, see Fig. 5. The measured input capacitance of the

OTA was about 30pF. This relatively large input capacitance

is due to the large input transistors employed in order to

minimize the flicker noise component of the OTA.

A. CMRR

To measure CMRR as predicted in Fig. 2, two source

capacitance values, 11pF and 2pF, were used for the compar-

isons, which is typical of weakly coupled stand-off sensor

electrodes. The CA feedback resistor and capacitor were

selected to be 26.6 GOhms and 12pF, respectively. For

each α value, different value capacitors, Cs1 and Cs2, were

coupled to the input node of the two OTAs for both the VA

and CA configurations. The amplifiers were then coupled

to a Stanford Research low noise amplifier (Model SR560)

to make differential readings. Five CMRR measurements

were recorded for each mismatch α. The results, given

in Fig. 6, show that the CMRR’s for the VA and CA

amplifier configurations are nearly the same for all values of

mismatch parameter for small source capacitance (2pF). For

the larger source capacitance (11pF) the VA CMRR is higher

than that of the CA, as predicted in the simulation. The

measured CMRR values were much lower than the values

obtained in simulation, which may have arisen from the

higher common mode gain because a high value of input

capacitance was employed in the OTA and there are small

mismatches between the differential components on boards.
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Fig. 6. CMRR measurements for source capacitance values of 11pF
and 2pF with mismatch α from 0.05 to 0.5 for both voltage and charge
amplifiers. The error bars are provided for each measurement. The result
indicates that the smaller coupling capacitance is, the closer the values of
CMRR.
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Fig. 7. Mid band gain measurements for source capacitance from 0.1pF
to 1nF. For the charge amplifier, the feedback capacitor was 1pF.

B. Frequency Response

The frequency response of the VA and CA amplifier

configurations were recorded for several values of source

capacitance down to 0.1pF. For the CA, the feedback ca-

pacitor was selected to be 1pF to prevent saturation at 1nF

source capacitance. The mid-band gains were recorded with

a spectrum analyzer to assure that the amplifiers were being

operated above the high pass corner frequency. The results

in Fig. 7 show the predicted linear relationship between the

gain and the source capacitance of the CA. It is worth noting

that in the weakly coupled case (0.1pF) the CA still has a

precisely known gain (0.1pF/1pF). Finally, the VA corner

cutoff was also recorded.

C. Noise Performance

The input referred noise for both amplifier configurations

was measured five times using a low noise amplifier with

a gain of 500 between a FFT spectrum analyzer and the

amplifiers. Measurements were repeated with several source

capacitor values. The system response was measured in situ

by the spectrum analyzer for each noise measurement. A

noise bandwidth of 100Hz was used to be representative of

ECG requirements [8] and we did not employ a 60Hz filter to

remove the ac line noise. The CA feedback capacitor values

used were 2pF, 15pF, and 40pF for the noise comparisons

with the VA. The results are shown in Fig. 8. For low noise

applications, the value of the feedback capacitor should be

small compared to the source and input capacitances. In this

case, both amplifiers exhibit the same noise performance.

It also is worth pointing out that a small feedback capacitor

will give high gain even for small source capacitance values,

which makes it unnecessary to include a second gain stage

as required in the VA configuration. The experimental results

also show that the fabricated OTA has a noise level less than

1µV rms over the 100 Hz signal band referred to the input
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Fig. 8. Noise measurements for source capacitance from 0.1pF to 1nF
with error bars. For the charge amplifier, the feedback capacitor value was
selected to be 1pF, 15pF, and 40pF.

TABLE I

PREFERRED PREAMPLIFIER FOR HIGH AND LOW SOURCE

CAPACITANCES

Parameter High source cap. Low source cap.

CMRR Voltage amp. Both

Frequency response Both Charge amp.

Noise Both Both

Overall V oltage amp. Charge amp.

transistor in the high source coupling regime.

IV. CONCLUSIONS

The VA and CA are both viable options for biopotential

preamplifiers. In summary, see Table I for a comparison,

at higher source capacitor values (greater than 100pF), the

VA may be preferred due to its better CMRR, stable gain,

and low noise. For lower source capacitance values, the CA

is an attractive alternative due to its linear gain response,

CMRR value nearly the same as that of the VA, and noise

performance for small CA feedback capacitor values that is

comparable to that of the VA. Finally, in our implementation

of a non-contact ECG sensor [9] we monitor the source

capacitance value and then compensate the output for motion

induced gain modulation, which is greatly facilitated by the

linear response characteristics of the CA configuration.
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