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Introduction
The human nervous systems operates with a combination of ionic electric potentials and
chemical potentials. The brain sends these signals to the heart, which responds with a heartbeat.
The electric potential from these signals can be measured using what’s called an
electrocardiogram, or ECG for short. There are a few components to a nerve signal, including a
large spike up followed by a small dip. Fig. 1 goes into detail on the signal components and the
mechanism. The resting potential of a nerve is around -70 mV and its peak potential is around 30
mV. ECG signals generally contain frequencies from 0.1 Hz to 400 Hz.

Fig. 1 - Components of a nerve electrical signal

Conducting receptors called electrodes are used to read the electrical potential from the
body. They are placed on the body as shown in Fig. 2. The signal is then fed into an
instrumentation amplifier. An instrumentation amplifier is like a specialized operational
amplifier. It has internalized feedback with a programmable gain. This lab will use the AD627 to
amplify the signals from the electrodes for reading with the ADALM2000 oscilloscope. The
AD627 pinout is shown in Fig. 3.

Fig. 2 - Placement of electrodes to read ECG signal

Fig. 3 - Pinout of AD627

Previous experimentation has shown that this approach alone generates an ECG reading
with large amounts of noise. Filtering out noise can start with analog circuits. This lab will
implement the LT1490 dual package op-amp to create both an active low-pass filter and an
active high-pass filter. The pinout for the LT1490 is shown below.

Fig. 4 - Pinout of LT1490

There are a few goals in this experiment. First, the amplified ECG signal needs to fill the
supply voltage range to maximize the resolution gathered by the analog to digital converter. The
12 bit ADC of the ADALM2000 has a range of ±2.5 𝑉, or 5 V total. If the 1.5 – (-1.5) = 3V
3𝑉

range of the amplifiers are filled, then the number of levels available to use will be 5 𝑉 ∗ 212 =
2457.6 → 2457 levels. The spacing between adjacent levels is still based on the ADC range, so
5𝑉
212 𝑙𝑒𝑣𝑒𝑙𝑠

= 1.22 𝑚𝑉/𝑙𝑒𝑣𝑒𝑙. Next, components of the signal that do not originate from the body

(noise) need to be filtered out. A DC component can be filtered out using a high pass filter. High
frequency noise can be filtered out using a low pass filter. These can be combined to create a
band pass filter. An overview of the circuit is shown in Fig. 5.

Fig. 5 - Overview of ECG circuit

Results
Part 1
An amplifying circuit utilizing the AD627 instrumentation amplifier from a previous
experiment was reused for this lab. This is shown in Fig. 6. 𝑅𝐺 is 10k to achieve a gain of 25 and
the supply voltages are ±1.5𝑉.

Fig. 6 - AD627 Amplifier Circuit copied from previous lab; RG=10k

Next, an active high pass filter was constructed alongside the instrumentation amplifier.
The cutoff frequency was chosen at 𝑓𝑐 = 0.265 Hz ∴ 𝜔𝑐 = 1.67 𝑟𝑎𝑑/𝑠. This lessens the DC
component of the signal without sacrificing too many low-frequency components of the ECG.
1

This creates an RC value of 𝑅𝐶 = 2∗𝜋∗𝑓 = 0.6. With a 𝐶 = 1 𝑢𝐹 capacitor, an 𝑅 = 600𝑘Ω
𝑐

resistor can be used. To achieve near unity gain with limited on-hand resistors, the feedback
resistor was chosen to be 𝑅𝑓 = 470𝑘Ω. The resultant circuit schematic is shown in Fig. 7 and the
constructed circuit is shown in Fig. 8. As a quick review, this works because high-frequency
signal components can travel through the capacitor and thus into the inverting amplifier and lowfrequency (DC) signal components cannot travel through the capacitor. The maximum gain of
this inverting amplifier is 𝐴 = −

𝑅𝑓
𝑅

= −0.7833.

Fig. 7 - Active high-pass filter schematic; R=600k, C=1uF, Rf=470k

Fig. 8 - Active high-pass filter constructed alongside AD627 amplifier

To verify the circuit design, a series of sinusoidal signals were sent through the entire
circuit and the input and output signals were compared. 50 mV was chosen as the supplied
amplitude because this is in the middle of the typical ECG range of 100 mV. The signal
generator W1 and both oscilloscope channels (1± and 2±) are shown connected in Fig. 8.
Figures 9, 10, and 11 show the input and output signals at 0.1 Hz, 0.26 Hz, and 5 Hz,
1.045 𝑉

respectively. At 5Hz, where near-maximum gain is expected, a gain of .053904 𝑉 = 19.39 was
0.737

measured. At 0.26 Hz, a gain of 0.052 = 14.13 was measured, which is 0.729 times the maximum
gain (showing the cutoff frequency, where the gain is 0.707 times the maximum gain, is near the
0.467

designed 0.265 Hz as designed). At 0.1 Hz, a gain of 0.0574 = 8.14 was measured, less than half
(0.420) of the maximum gain. The circuit is working as expected.

Fig. 9 - Input and output of circuit with high-pass filter installed, 0.1 Hz

Fig. 10 - Input and output of circuit with high-pass filter installed, 0.26 Hz

Fig. 11 - Input and output of circuit with high-pass filter installed, 5 Hz

Next, to remove high frequency noise, a low-pass filter was designed, installed, and
tested. The circuit schematic is shown in Fig. 12 and the test circuit is shown in Fig. 13 with W1
as a signal input, analog input 1 (1±) measuring the input, and analog input 2 (2 ±) measuring
the output. The cutoff frequency was chosen at 𝑓𝑐 = 226 𝐻𝑧, which is near the upper range of
1

ECG signals. This leads to an RC value of 𝑅𝐶 = 2𝜋𝑓 = 0.00704. With a capacitor of 𝐶𝑓 =
𝑐

1500

470𝑛𝐹, 𝑅 = 1.5𝑘Ω. The other resistor was chosen at 𝑅𝑠 = 1𝑘Ω to achieve a small gain of 1000 =
1.5 for testing.

Fig. 12 - Active low-pass filter schematic; R=1.5k, C=470nF, Rs varies

Fig. 13 - Active low-pass filter constructed for testing, Rs=1k

The ADALM2000 network analyzer was used to test the filter. The resulting analysis is
shown in Fig. 14. The cutoff frequency (at 3 dB below maximum gain of 3.49 dB = 0.49 dB
gain) was measured at 243 Hz, close to the designed frequency of 226 Hz.

Fig. 14 - Network analysis of active low pass filter

Next, all three circuits were combined and tested. The schematic of the combined circuit
is shown in Fig. 15. Fig. 16 shows this constructed schematic with the signal generator W1 in
place of the electrode inputs and the oscilloscope channel 1 on the input and channel 2 on the
output. Figures 17, 18, 19, 20, 21, and 22 show the input and output of the entire circuit at
frequencies of 0.1 Hz, 0.26 Hz, 5 Hz, 100 Hz, 260 Hz, and 1 kHz, respectively. The input
amplitude was again chosen at 50 mV to be in the middle of typical ECG amplitude range. Table
1 shows the input amplitude, output amplitude, and gain at each of these frequencies.

Fig. 15 - Final ECG amplifier and filters

Fig. 16 - ECG amplifier and filters constructed for testing, R4=1k

Fig. 17 - Circuit input and output at 0.1 Hz

Fig. 18 - Circuit input and output at 0.26 Hz

Fig. 19 - Circuit input and output at 5 Hz

Fig. 20 - Circuit input and output at 100 Hz

Fig. 21 - Circuit input and output at 260 Hz

Fig. 22 - Circuit input and output at 1kHz

Table 1 - Gain of entire circuit at different frequencies

FREQUENCY (HZ)

0.1
0.26
5
100
260
1000

INPUT (MV)

52.17
52.17
52.99
53.96
57.13
52.37

OUTPUT (V)

0.690
1.101
1.555
1.370
1.019
0.375

GAIN

13.23
21.10
29.35
25.39
17.84
7.15

PROPORTION
OF IN-BAND
GAIN
0.521
0.831
1.156
1.000
0.703
0.282

The lower cutoff frequency is between 0.1 Hz and 0.26 Hz, which works for the ECG
signal but is not exactly as designed. The upper cutoff frequency is at about 260 Hz, which
works for the ECG signal but is also close to the design frequency. Note that it is essential that
high-frequency noise be removed prior to A/D conversion. This is because high frequencies,
above the Nyquist rate of 𝑓𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔 /2, can be mistaken as lower frequencies (aliasing) and can
be impossible to filter digitally.
Part 2
Now that the proper frequencies are being allowed through the filters, a few ECG traces
can be captured to properly adjust the gain. First, the circuit was reconstructed to be exactly like
that shown in Fig. 15, except 𝑅4 = 1𝑘Ω; this is shown in Fig. 23. The three electrode wires were
twisted together to reduce noise, especially from the 60Hz power grid, and the electrodes were
placed as shown in Fig. 2. The oscilloscope was enabled on channel 2 (2 ±) and a 3.2 sec sample
at 1 ksps was taken. This is shown in Fig. 24. This curve is very close to being a successful ECG.
All four components of the trace from Fig. 1 are present. It’s clear 3 heartbeats occurred in this
time frame. The magnitude, however, did not fill the op-amp range of ±1.5 V. The value of R4
was dropped to 470 Ω to increase the gain of the low-pass filter and the measurement was
repeated. The new circuit is in Fig. 25 and the new measurement is in Fig. 26. Still, the curve did
not fill the range, so R4 was dropped further to 100Ω. The new circuit is in Fig. 27 and the new
measurement is in Fig. 28. The ECG trace in this instance reached over 1.4, so this was the final
value of R4.

Fig. 23 - Fully constructed circuit, R4=1k

Fig. 24 - ECG trace with R4=1k

Fig. 25 - Full circuit constructed, R4=470

Fig. 26 - ECG trace with R4=470

Fig. 27 - Full circuit constructed, R4=100

Fig. 28 - ECG trace, R4=100

Part 3
Finally, a final ECG reading was taken by the ADALM2000 and the data was exported
and plotted. The raw output is shown in Fig. 29. To show the potential at the input of the circuit
(which should be identical to the potential at the electrodes), the plot was adjusted for gain. The
200𝑘Ω

designed gain of the circuit is 𝐴 = (

𝑅1

𝑅3

𝑅5

+ 5) ∗ (− 𝑅2) ∗ (− 𝑅4) = 25 ∗ −0.7833 ∗ −15 =

293.74. The adjusted plot is shown in Fig. 30.
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Fig. 29 - Final reading of ECG

Voltage of ECG over time, scaled for gain
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Fig. 30 - Final reading of ECG, adjusted for gain

Conclusion
This lab successfully built a filter complex on top of an existing amplifier circuit to
perform analog pre-processing on an ECG signal prior to analog-to-digital conversion. It
successfully constructed an active high-pass filter with a corner frequency of 0.26 Hz and a gain
of -0.7833, an active low-pass filter with a corner frequency of 226 Hz and a gain of -15, and a
combined circuit with a bandpass of 0.26 Hz – 226 Hz and a gain of 294. Electrodes gathered the
signal from the body and the ADC constructed a discrete sample from the circuit’s output. All
four components of a nerve’s electrical signal were observed in the collected sample. The
collected sample had a much lower potential than expected; a nerve impulse is expected to have
a range from -30mV to 70mV; the observed range was -1mV to 5mV. This could be due to
resistance in the body, in the electrodes, in the signal lines, in the breadboard, and in the ADC
itself. The trace was still clear so the lab is still a success.
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