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Abstract—This document presents a low-voltage CMOS electronic system for electromyographic (EMG) signals acquisition.
For its development, the system requirements and characteristics
were established and simulations were made using Virtuoso
Cadence software for 180 nm TSMC technology. The circuits used
were implemented in the subthreshold regime for low potential
consumption. As result, a two-stage system was obtained, the
first stage is an instrumentation amplifier based on a current
conveyor, supplied with 0.7V, consuming 55µW and a commonmode rejection ratio (CMRR) of 190dB. Besides, the second
stage involves proven Sallen Key filters that were implemented
using different design parameters, both high and low pass with
a cutoff frequency of 20Hz and 1.3KHz, respectively, with 8dB
gain, supplied with ±0.35V and power dissipation of 2.99µW, for
each filter.
Index Terms—analog, continuous, biosignals, CMOS, lowpower, EMG, subthreshold

I. I NTRODUCTION
Electromyography (EMG) is a procedure that, with the help
of electronic components and conductive materials, signals
that are spread through nerves and muscles on the human body
when a movement is made, are acquired and processed. The
use of EMG is present in different fields, such as: clinical
diagnosis, biomedical applications, monitoring of dynamic
sports, work and even recreational activities, for example, the
use of video games. The EMG signals generated by the body,
have an amplitude not greater than 10mV and its frequency
band goes from 20Hz to 1.3KHz [1] [2]. In order to have
a correct signal acquisition, is necessary the designing of an
electronic circuit capable of amplifying potentials and ignoring
common mode signals, such as noise. At the same time, a
filtrate stage is required to generate the passband that covers
only the required frequencies.
Currently, different biosignals acquisition systems have been
reported, made up of analog parts in their first stage and digital
for everything that involves filtrate and signal adaptation, as
showed on works [3] and [4]. The use of digital filters is a very
efficient technique in terms of defining the cutoff frequency,
however, its implementation is expensive in used silicon area
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and potential consumption, so this work was aimed to use fully
analog circuits.
The first stage of the system is the instrumentation amplifier
(IA), these circuits are capable to amplify differential signals,
they normally have a high CMRR and their gain is controllable
by a resistance ratio. The IA architectures reported in [5] and
[6] were reviewed. In those works, subthreshold techniques,
current mode signal handling, common mode feedback, and
self-cascode technique were presented. However, in our work,
it was chosen to use the technique reported in [7], which proposes the design of an operational floating current transporter
(OFCC) module. This amplifier uses a very low voltage supply,
its gain is controllable and reports a suitable CMRR for the
required application.
For the second stage, RC active filters using operational
amplifiers (OpAmp) based on the Sallen Key architecture
were implemented. The work [8] was taken as a basis, which
describes the design of an OpAmp based on subthreshold
techniques to implement systems with a voltage supply lower
than 1V.
Thus, this work introduces a novel front-end analog topology for EMG signal acquisition.
II. IA IMPLEMENTATION USING OFCC MODULES
OFCC modules are circuits that operate by handling signals
in current mode, having the advantages of better linearity,
precision, and an acceptable dynamic range [9], its characterization is shown on the work cited. As shown in Fig. 1
this circuit has two inputs: a high impedance voltage input
Y and a low impedance current input X; on the other hand,
the circuit has three outputs, one voltage output W, and two
high impedance current outputs Z+ and Z-. In a general

Fig. 1. Operational floating current conveyor (OFCC) module.

Fig. 2. Circuit architecture for the OFCC module.

The OFCC block can be considered as an operational
transconductance amplifier, to obtain the IA, two OFCC blocks
were used with two feedback resistors RW , a gain resistor RG
and two load resistors RL as shown in Fig. 3.
The resulting parameters for the OFCC from Fig. 2 are
shown in Table I.
TABLE I
D ESIGN VALUES FOR OFCC MODULE .

Fig. 3. Instrumentation amplifier using OFCC modules.

case, the voltage applied at port Y is reflected at port X,
while the current at port X is multiplied by the open-loop
transimpedance of port W. The current of W is reflected at
ports Z+/Z- in phase and out of phase respectively.
In Fig. 2 the internal architecture of the OFCC module is
shown, consisting of three stages. In the first one, there is a
second generation current conveyor, based on the structure of
an OpAmp. For the differential pair M2-M5, and its current
mirror, transistors self-cascode were used to increase the openloop gain. For the simulations made, Vdd was set to 0.7V, and
it showed a Vdsat value of 72mV for transistor M1, 50mV
for M2-M4, and 55mV for M6-M8, showing as well that all
transistor were operating on subthreshold region. The second
stage is similar to the previous one, with the exception of
having a resistance RD between the differential pair inputs
to create a potential difference between X and W signals and
generate an amplification by the differential gain. Finally, a
current cloning stage was added where a simple current mirror
is used to create Z+ and a current redirection circuit generates
the inverse current Z-.

MOSFET
M1,6,7,15,20,21
M2,3,16,17
M4,5,18,19
M8,9,22,23
M10,24
M11,13,25
M12,14,26
M27

W/L(µ)
30/2
30/0.7
80/0.7
8/2
20/0.36
17.9/0.39
10.4/0.39
35.5/0.39

MOSFET
M28
M29
M30
M31
M32
M33
M34
P

W/L(µ)
20.7/0.39
14/0.39
9.5/0.39
15/0.39
10/0.39
17.8/0.39
12.5/0.39
17.9/0.39

Others
IB
DCin
C1,2
RD
VB
RG
RL
RW

Value
4µ
100mV
300fF
200Ω
161mV
500KΩ
200KΩ
1MΩ

Frequency response tests were performed on the IA, supplying with 10mV sinusoidal signals in a frequency band of
1Hz to 1MHz. The CMRR was obtained using an open loop
configuration and the formula
CM RR =

Ad
=
Ac

V o+ −V o−
V i+ −V i−
V o+ −V o−
Vi

.

(1)

Also, transient tests were carried out with 100mV amplitude
signals at different frequency tones.
III. RC S ALLEN K EY ACTIVE FILTERS
The Sallen Key model allows the designing of non-inverting
second-order high (HPF) or low (LPF) pass filters, with
relative tolerance in their components. In both cases, the
filters are made up of four resistors, two capacitors, and an
operational amplifier, their architectures are shown in Fig. 4.

Fig. 4. a) Sallen Key low pass filter b) Sallen Key high pass filter.

The transfer function for the HPF is
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The equations for its design parameters are
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For the LPF, the transfer function is given by
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The equations for its design parameters are
p
1 + 8Q2 (A − 1)
4Q
1
R=
2πkfc mC1
2AR
Ra =
A−1
Rb =2AR
m=

In both cases, the constants k and Q depends on the designing approximations shown in table II, while A represents
the gain, which must be greater than one.
For the OpAmp implementation, the circuit proposed in [6]
was taken as the basis, showing the architecture design for
a two-stage amplifier with Miller compensation, in which, its
transistors operate in the subthreshold region. This technique
allowed them to polarize the entire circuit with a single
0.5V source. However, polarizing this OpAmp with a single
source, limits the application of signals with amplitudes greater
than 100mV, since the transistors of the 180-nm technologies
require approximately a voltage of 350mV on the gate to
be on the subthreshold region. Therefore, for this work, the
polarization of the circuit was configured to ±0.35V and its
polarization current for the differential pair was increased from
20nA to 1uA, thus reaching the conditions required for the
transistors to remain in the subthreshold regime. The final
architecture for the used OpAmp is show in Fig. 5 and its
transistors dimensions and some other parameters are shown
in table III.

1+

(9)

TABLE III
D ESIGN VALUES FOR THE O PA MP
MOSFET W/L(µ)
M1
5/1
M2,3
160/2
M4,5
100/0.4
M6
100/10.3
M7
8/1
P1
50/1
P2
100/10.3

Others
C1
RC
IB1
IB2

Value
2.1pF
1.1M
1µA
110nA

To choose a good option for our system, filters were
designed at the required cutoff frequencies, with the different
approximations proposed in table II. Frequency response tests
were performed in a band from 1Hz to 5KHz, with a 0.1V
magnitude input signal. Besides, transient tests were applied
with 0.1V amplitude signals at different frequency tones.

(10)
(11)
(12)

C2 =m2 C1

(13)

TABLE II
S ALLEN K EY FILTERS DESIGN PARAMETERS .
Approximation
Butterworth
Chebyshev (0.01dB)
Chebyshev (0.1dB)
Chebyshev (0.25dB)
Chebyshev (0.5dB)
Chebyshev (1dB)
Bessel

Quality
factor Q
0.7071
0.7247
0.7673
0.8093
0.8638
0.9564
0.5771

HPF K
constant
1.0000
1.0231
1.0674
1.0991
1.1286
1.1596
0.7840

LPF K
constant
1.0000
0.9774
0.9368
0.9098
0.886
0.8623
1.27540
Fig. 5. Circuit architecture used for the OpAmp.

V. R ESULTS

Fig. 6. EMG system architecture.

IV. EMG SIGNALS ACQUISITION SYSTEM STAGES
To finally obtain the reduced system, the designed stages
were joined by modules using Cadence tools, following the
architecture shown in Fig. 6. Because the IA was polarized
with a single source, its outputs have a direct current level, so
considering the frequency range of the processed signal, CC
1uF capacitor was added to eliminate this component and thus
an output signal was obtained only with alternate components
to be filtrated later.
Once the stages of the system were integrated, frequency
response tests were carried out with differential input signals
of 10mV magnitude, and transitory tests with differential input
signals of 10mV amplitude at different frequency tones.

In this section, we present the results for the final circuit
analysis, using Cadence simulations tools.
The results for the frequency response of the IA, are
presented individually in Fig. 7, in which an initial gain of
13.5dB is observed, maintaining this value and then it falls
exponentially after 10,000Hz. For the phase, the first pole is
presented at the 60KHz. An average value of 190dB for the
CMRR was obtained for the EMG frequency band, Fig. 8
shows the values reached at different frequency points, this
results were found using Cadence simulation tools on a open
loop configuration and an AC analysis.
The HPF frequency response results are shown in Fig. 9,
for the different approximations showed in Table II where a
maximum gain of 6dB was obtained. The filters were designed
to have a cutoff frequency of 20Hz, and in this case, all
the designs obtained the expected behavior, with the only
difference that they had a peak gain when passing the cutoff
frequency. A phase change was obtained throughout the entire
sweep of 180° until almost reaching 0°.

Fig. 9. Sallen Key HPF frequency response.

Fig. 7. IA frequency response.

Fig. 8. CMRR for the IA open loop configuration.

Fig. 10. Sallen Key LPF frequency response.

The results of the LPF frequency response are shown in
Fig. 10, a gain of 6dB was obtained in all filters, except for
the Butterworth approximation with 2.5dB. The filters were
designed to have a cutoff frequency of 1.3KHz, however, only
the Chebyshev approximations came close to this, while the
Bessel and Butterworth designs obtained different behavior
than expected. A phase change from 0 ° to -170 ° was obtained
after the 100Hz in all designs.
In all cases, the gains of the filters can be modified based
on their resistances ratio. After analyzing the results, we chose
to use all filters with Chebyshev design approximations of
0.01dB.
Fig. 11 shows the frequency response for the system made
up of all its stages, a final gain of 26dB was obtained, with
a passband of 20Hz to 1.3KHz. A phase change within this
band from 100° to -75°.
Fig. 12 shows a transient analysis with a 10mV input
signal at 100Hz tone, the resulting signals were plotted using
different points, ±Y represent the input signals, A and B the
outputs of the IA, AC and BC the signals after the capacitor,
ALPF and BLPF the outputs of the LPF and finally AHPF and
BHPF the outputs of the HPF and final outputs of the system.

Fig. 11. EMG system frequency response.

Fig. 12. Transient simulation for the complete EMG signal acquisition circuit.

VI. C ONCLUSIONS
This work showed a final architecture that uses transistors
in their subthreshold region and current mode mode signals
that allows the designing of low voltage systems. Applying
this techniques, is possible to obtain a analog front-end circuit
to acquire, amplify and filtrate EMG signals. The final system
was powered using a 0.7V supply, while consuming 66.96µW,
this value includes both OFCC modules used for the IA, and
the four OpAmps used on the filtrate stage. A simulated IA
open-loop CMRR of 190dB, and a 20Hz to 1.3KHz passband.
This type of circuit contributes to the creation of longlasting portable monitoring systems and promotes the use of
EMG technologies.
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