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ABSTRACT 

Integrated instrumentation amplifiers (INA) are more expensive than discreet op-amps and cost could be a 
concern for multi-channel biosignal acquisition application. Instrumentation amplifiers can be developed with op-amps at a 
lower cost. However this approach, although cost effective, is rarely adopted. In this experiment, an EMG amplifier 
consisting of a preamplifier and filter stage was developed with discreet op-amps (JRC4558) and low tolerance 
components. Actual fabrication and testing with muscle contraction was performed, and the output was compared with a 
circuit built with an INA. In general, the low cost variant achieve a CMRR lower than a circuit developed with the INA, 
however, in practice their noise performance is comparable. The filter specification is also unaffected by the component 
tolerance.   
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INTRODUCTION 

The EMG is an electric field which is produced in 
conjunction with muscle contraction. Electromyography is 
the process of acquisition and processing of the EMG 
signal.  

 

 
 

Figure-1. Overview of an EMG controlled robot 
 

The EMG signal is detected on the skin with 
electrodes and amplified. Filters are used to remove 
unwanted signals at certain frequencies. For machine 
control, the next step would involve feature extraction and 
classification. If the intended application is for diagnosis, 
then the EMG signal would be fed to a terminal for 
display, analysis and recording. Figure-1 shows a typical 
setup for an EMG controlled robot. 

The circuitry used for EMG acquisition borrows 
heavily from electrocardiography (ECG) techniques, since 
these are both bio-electrical signals.  
The EMG signal is very small and electrical noises from, 
electrical devices and electrical signals originating from 
the body itself can be much larger than the EMG signal 
itself.  

For detection and amplification, the biopotential 
electrode setup with an instrumentation amplifier (INA) is 
a well-received strategy [1-3]. The buffer stage of the 
instrumentation amplifier provides a high impedance stage 
which prevents loading the electrode signals while the 
differential stage rejects the common mode signals caused 
by interference. A biopotential EMG acquisition circuit is 
shown in Figure-2.  

Most literatures have suggested using integrated 
INA ICs which incorporate a buffer and differential stage, 
(e.g. AD620, INA129, MAX4149) [4-6]. Although the 
INA is based on a classic three op-amp design, a discreet 
op-amp INA is generally avoided for precision 
applications because it needs to be built with discreet 
resistors. A 1% tolerance resistor rated at 1kΩ can vary 
between 990Ω to 1010Ω and unmatched resistors will 
have a direct effect to the differential gain, which in turn 
affects the common mode rejection ratio (CMRR). 
Integrated INAs have resistors laser trimmed to match, 
therefore much improving the CMRR.  
 

 
 

Figure-2. Biopotential EMG acquisition with 
Instrumentation Amplifier. Source: Poo & Sundaraj 

(2010). 
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Integrated INAs generally have higher CMRR 
but cost significantly higher than discreet op-amps. For 
example, a mid-range INA121P INA costs RM30, while a 
JRC4558 general purpose op-amp costs only a fractional 
RM3. For bioelectric amplification, the CMRR is the 
primary selection consideration and both devices have a 
minimum rated CMRR of 70dB.  

Several low cost options have been presented in 
[7-8] with good results, however the application is only 
meant for a single channel. Should the designer desire to 
develop a multi-channel EMG amplifier, the cost of 
implementing INAs would be considerably higher than 
using discreet op-amps. If cost is an upmost concern, then 
it is worthwhile to consider discreet op-amps.     
 
Circuit design 

For this experiment, a low cost circuit was 
developed with JRC4558, a general purpose op-amp. 
Another circuit designed with INA121P integrated INA 
and OPA2134 op-amps for the filter stage. The latter 
circuit’s components are superior to JRC4558 in terms of 
CMRR and bandwidth.  The circuit developed with 
JRC4558 is shown in Figure-3. The instrumentation 
amplifier section is highlighted in red while the filter 
sections are highlighted in blue and green. A final 
inverting amplifier is highlighted in purple. 
The INA section is built with three op-amps and 1% ¼W 
resistors. It is modeled to approximate the internal 
construction of the INA121P [9]. However, since the 
25kΩ and 40kΩ resistor is not a common value, 24kΩ and 
39kΩ was used instead for R1, R2 and R3-R6 
respectively. This compensation only affects the gain of 
the buffer section.  

It is widely accepted that the energetic 
distribution of the EMG signal is in the range of 20-500Hz 
[1,10-12].  The filter design is based on the Sallen-Key 
second order topology. For both filters, the components 
used are 5% ¼W resistors and 5% capacitors. Due to 
component selection practicality, the bandpass filter which 
consists of a high pass filter (HPF) and a low pass filter 
(LPF) was designed allow a bandpass region of 
approximately 20Hz-700Hz. The tolerance of the 
components used in this stage is not expected to present a 
large effect to the overall bandpass region.   

A final stage inverting amplifier (IA) is applied to 
increase the gain to a level that is viewable on the 
oscilloscope. The IA configuration was chosen simply 
because it has less component count than a non-inverting 
setup. 
The reference circuit, developed with INA121P INA and 
OPA2134 is shown in Figure-4. This circuit is identical to 
the JRC4558 version, with exception for the type of device 
used. 
 
Common mode analysis of the instrumentation 
amplifier 

The gain of a non-ideal instrumentation amplifier 
is given as: 
 

(1) 
 

As shown in Eqn. (1), the resistor values in the 
differential stage (Vin2-Vin1) have a direct implication to 
the difference subtraction. Table 1 shows the effects of 
resistor variation to the differential amplifier. 1% resistors 
were used because of its low cost. The tolerance of the 
resistors will result R3, R4, R5 and R6 to vary between 
38.16kΩ to 39.39kΩ. Since R1, R2 and RG do not affect 
the differential stage, their values are idealized. 

 

 
 

Figure-3. EMG amplifier and filter developed with 
JRC4558. 

 

 
 

Figure-4. Reference circuit. 
 
In Table-1, the worst case scenario represents the extreme 
values of R3 – R6 within the 1% tolerance. As a result, the 
worst case will result a CMRR of 48.78dB which is very 
low. While the ideal desired CMRR is infinite, in practice 
it is not possible. Modern INAs with CMRR of 100dB is 
the norm while high precision variants can achieve up to 
120dB. 
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Table-1. Common mode amplifier output within 1% 
resistor tolerance. 

 

 
 
Effects of component tolerence to the filter stage 

By introducing tolerance, the 6dB roll off 
frequency will shift. However, in practice the effect to the 
bandpass region is minimal. The computation of the corner 
frequency, fc is shown in equation (2) while the effect of 
the tolerance is shown in Table-2. 
 

       (2) 
 

Table-2. Effect of component tolerance to the filter. 
 

 
 
The effects of the component tolerance to the filter stage 
can be observed in Figure-5 and Figure-6. From the 
figures, the effect of the 5% tolerance in the resistors and 
capacitors is minimal. Since the roll off of the energy 
spectrum of the EMG is gradual, the difference in the 
cutoff frequency would not affect the desired frequency 
range of EMG signal.   
 
Effects of component tolerence to CMRR and SNR 

A total of five copies of the JRC4558 EMG 
amplifiers were built. One channel was constructed with 
INA121P and OPA2134. In total, six channels were 
constructed. The signal was measured at the output of the 
INA. The CMRR is calculated as: 
 

      (3) 
 

The signal to noise ratio (SNR) is given as: 
 

     (4) 
 

The CMRR was tested and the results are shown 
in Table-3. From the results, the CMRR ranged from 
66.29 to 78.64. While the integrated INA (CH1) showed 
the highest CMRR, in practice, it is not significantly 
higher than the other channels that were built with 
JRC4558. Our tests also did not achieve the rated 100dB 
CMRR for the INA121P.  
From the results, the CMRR ranged from 66.29 to 78.64. 
While the integrated INA (CH1) showed the highest 
CMRR, in practice, it is not significantly higher than the 
other channels that were built with JRC4558. Our tests 
also did not achieve the rated 100dB CMRR for the 
INA121P. 
 

 
 

Figure-5. Effect of component tolerance to LPF frequency 
response. 

 

 
 

Figure-6. Effect of component tolerance to HPF 
frequency response. 

 
The result of the SNR is also shown in Table-3. 

The CMRR shows a direct impact to the SNR. In our 
results, the SNR is nearly proportional to the CMRR by a 
factor of 0.53. Due to the logramathic scale of the SNR, in 
practice the difference between the channels is minimal.  
 



                              VOL. 11, NO. 5, MARCH 2016                                                                                                                  ISSN 1819-6608            

ARPN Journal of Engineering and Applied Sciences 
 

©2006-2016 Asian Research Publishing Network (ARPN). All rights reserved.

 
www.arpnjournals.com 

 

 
3348

Table-3. Results of CMRR test. 
 

 
 
Effects of component tolerence to waveform 

For the circuit testing, Ag-Cl wet electrodes were 
attached to the extensor digit rum. An unweighted wrist 
extension was performed at constant strength and the 
EMG output was recorded with a digital oscilloscope. The 
procedure was repeated for all six channels. Channel 
1(CH1) is built with INA121P while Channels 2-5 (CH2-
CH5) are built with JRC4558.   

Figure-7 shows the worst case performance 
which was observed in Channel 6, which achieved a 
CMRR of 66.29dB, which is the lowest among the group. 
Figure-8 shows the best case in Channel 3 which achieved 
a CMRR of 75.16dB. 
 

 
 

Figure-7. Worst case result. 
 

 
 

Figure-8. Best case result. 

The CMRR determines how much common noise 
can be removed from the signal. In practice, we expect a 
lower CMRR to produce more floor noise. From Figure-7 
and Figure-8, it is evident that the lower CMRR did not 
cause a significantly higher noise level.  
 
DISCUSSIONS  

In this experiment, it has been shown that 
bioelectric amplifiers can be developed with low cost 
discreet components and general purpose op-amps. 
Although the CMRR is generally lower than that achieved 
with an integrated INA, the signal to noise ratio (SNR) is 
still generally high. Moreover, the JRC4558 channels 
displayed more signal gain over the INA channel despite 
the INA channel having a gain of 11.49 while the JRC 
channel has a gain of 11. In the best achieved result shown 
in Figure-8, the performance of the JRC4558 shows less 
floor noise and more signal gain than the INA121P.  
 
CONCLUSIONS 

As a conclusion, a bioelectric amplifier can be 
developed with op-amps, and its performance is 
comparable to integrated INAs. The performance of a 
discreet INA can be improved by matching the resistors. 
However, the authors will still recommend integrated 
INAs for the development of bioelectric amplification 
because of its lower component count, unless cost is a 
major concern. 
 

Table-4. Comparison of cost between INA121P and 
JRC4558 circuits. 

 

 
 

This paper concludes with a cost comparison 
between an amplifier developed with JRC4558 and 
INA121P, shown in Table-4. Quantity, if more than 1 unit 
is stated in bracket. From the table, the EMG preamplifier 
channel constructed with JRC4558 is of a much lower cost 
compared to INA121P. 
A photograph of the experimental setup is shown in 
Figure-9. 
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Figure-9. Experimental setup. 
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