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Section 1

a. Background
i. Explanation of Design Approach
The ultimate goal of this project is to build a functional electrocardiogram (EKG), a device that

records the electrical signal of the heart and its pulses to identify its condition. Our device can be

described in 4 stages and 5 different subsystems. See the diagram below:
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The electrical pulses will be taken from a subject’s wrist and inputted into an in-amp and
integrator system. This will output the difference of both inputs and remove common noise. The
differential signal will then be passed through a filter to remove high frequencies, essentially “cleaning
up” the signal, making it visually cleaner. The filtered signal is then passed through the isolator. The
isolator shouldn’t transform or change the signal, but protects the device’s power system in case of a short
or other electrical failure. Finally, the output will undergo a digital signal process to produce a clean and
readable output. The final system power’s all other electrical subsystems. It is not a stage in the
production of a readable heart pulse, but it is the backbone of the system. The power system integrates

two different sources of power: a 9V battery and the Analog Discovery 2 DC power supply.



ii. Expected Signal levels and required gain

An electrode is an electrical conductor used to read electrical signals on non metallic surfaces. In
this project, we use electrodes on both wrists and the ankle to pick up electrical signals from the heart’s
conduction system. This will usually produce signals in the 1 mV peak to peak range. This presents the
first difficulty in this project. 1 mV peak to peak range signals are often lost in the noise of the
surrounding environment. The In-Amp and the filter work to reduce the noise, but there is only so much

that can be done.

The goal is to have an output pulse signal in the 1V to 2.5V peak to peak range, as per the project

calculation requirements.

This requires a total gain of 1000 to 2500. This gain will be mainly achieved with the In-Amp.
The In-Amp has a gain resistor, and is capable of producing an output signal 1000 times the amplitude of

the input.

iii. Explain Filter requirements

Our antialias filter was required to be a 4th order Butterworth with -72dB attenuation at S00Hz.
This was used to find an analytical corner frequency of the filter to be 63 Hz. This is a low-pass filter;
frequencies above 63 Hz will be attenuated. The filter was also expected to have a gain of 1. Finally, it

was asked that the input resistance of the filter be greater than 10kQ.

A Butterworth filter, by definition, has -3dB at the corner frequency, a Q value of 0.707. For a 4th
order butterworth designed as a cascade of two filters with Sallen-Key architecture, this often is achieved
with a low Q value on the first filter, and a higher Q value on the second. This rejects the chance for the
first filter to try to produce a signal with an amplitude larger than its power supply. Ultimately, the first
filter was set with a Q = 0.5412 and the second with Q = 1.3065.



b. Schematics

i. Power Supply
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Figure 2. Lower Level Circuit

Schematic

The point of the power supply is to set VCC, for which most IC’s on the board will use, to 3.3V.

This is implemented with two different sources. The first is done by stepping down a 9V voltage from an



auxiliary battery, using a voltage regulator (U6). The second from the Analog Discovery 2’s DC voltage
supply. This directly puts out 3.3V.

Header pins are installed to simplify testing. We’ll want to test the board with 3.3V from the
Analog Discovery 2 before running it with a high 9V supply from the battery. The 2x1 header J99
connects the grounds of both sources. When the battery is not being used, we’ll still want its ground node
to be tied to OV. J99 ties the unconnected battery ground to the Analog Discovery 2’s ground. The 3x1
header J5 allows us to choose the source of VCC. When shunting the top and middle pins of J5 the battery
power supply is rendered obsolete, and the system can run on the Analog Discovery 2 power source

alone.

ii. Instrumentation Amplifier

Figure 3. In-Amp Schematic



Figure 4. VMid Production System

The in-amp has two parts to it. Figure 3 consists of the left and right inputs that are fed through a
high pass filter before the in-amp. Additionally, the output of the in-amp has an integrator to get rid of
voltage offset from the in-amp. Figure 4 shows a voltage divider with an op amp in unity gain and the

gain resistor.

The high pass filter at the input of the In-Amp has two requirements:
- 250K < DC Resistance to VMid < 300K
- 3dB Breakpoint (per input filter) at 0.05Hz < F3db < 0.1 Hz.
We chose a R2 and R3 value of 270kQ. Then we converted the breakpoint values to rad/s: 0.314 rad/s <

F3db < 0.628 rad/s. Then we calculated the capacitor value as shown below:

_ 1/sCc 1 _ 1
H(s) = R+1/sC ~— RsC+1 TR
RC = 1/F3dB
F3dB = 1/RC

Trying a value of 10uF for C:

F3dB = 1/270K * 10u = 0.357rad/s



This matches the provided specification.

Next, we calculated the value of our gain resistor. We know that the gain of our AD623 in-amp is:

100 kQ
VO = {1 + R—}VC

G

Looking through the given EKG values, we see that they are in the ImV range. The specification
for the in-amp was that the output of it should be in the 1.0 to 2.5V range. Looking at the datasheet for the
ADG623 (Reference [1]), we can see that the maximum gain is 1000, which is precisely the value we need
to go from 1mV to 1V to match the specification. Knowing this, we can calculate the value of the gain

resistor R:
1000 = 1 + %<

G

RG =~ 1000

iii. Filter
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Figure 5. Abstracted Circuit Schematic



3.3Vin c14

= I
c1 0.1uF c13
I 1
— —1—
01yF ApF
¥ u19 §
TP Wh
Vin R8 R9 o uza
o AAA VAA— o R10
270kQ 270kQ L , Vout
c10 = 21— 47kQ R N
I.01uF _|LMC6482AIN

Figure 6. Lower Level Circuit Schematic

The anti-aliasing filter seen above is a 4™ order Butterworth filter, which is used to attenuate high
frequency signals and prevent as much rippling as possible in the pass-band. The filter is made up of two
cascaded 2™ order low-pass filters. Since our filter’s total response is 4™ order low-pass, we’ll have a

-80dB/dec roll-off in our frequency response at the corner frequency.

Given a specification of -72dB attenuation at 500Hz, we were able to find our desired corner

frequency as such:

—72dB

"Z80dB/dec 0.9 dec below 500Hz

500H
f = ~ — = 63Hz

c

Since we are looking for a gain of 1, we can use the following simplification methods which

adhere to the Sallen-Key design of this filter (Reference [2])

For each 2™ order segment, we’ll want Q values of 0.5412 for the first filter (Q,) and 0.13065 for
the second filter (Q,). This will allow for a total Q of 0.707, which is ideal for our 4™ order Butterworth



response. Using the code shown in Appendix A and the equations above, we sifted through the

component values kit values to match the desired Q values as close as possible while having an input

resistance greater than 10kQ for both filters, which generated the following results:

R8 = 270kQ, R9 = 270k
R10 = 47kQ, R11 = 150kQ
C10 = C11 = C12 = 0.01uF

613 = 0.1uF

Since our filters are unity gain, the input resistance is equal to Ry and R, for its respective filter;
our values fit the input resistance specification of greater than 10kQ. Also, C,, is a bypass capacitor so its

value is 0.1uF, which was constant for all bypass capacitors on our project board.

With the chosen component values, we produced O, = 0.5 and O, = 0.1.348, giving us a total Q of
0.674, which falls within 1.5dB of a Butterworth response:

0.6 <0.674<0.84

iv. Isolator

The isolator is used to protect the device and patient in case of device failure. It separates both
power sources as shown in the higher level circuit schematic.
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The U15 isolator chip can be understood as transfering the signal onto a different power source
using photodiodes. The main design of the isolator was in determining the gain of the system, which
should be equal to 1. In other words, the input should be equal to the output. The isolator system is

designed as a unipolar isolation amplifier. Looking at the isolator datasheet (Reference [3]), we find the

gain to be:

Figure 8. Lower Level Circuit Schematic
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Figure 9. Unipolar Photoconductive Isolation

Amplifier
K3 is the transfer gain, and because K3 is the ratio of K1 (Servo Gain) and K2 (Output Forward
Gain), it is extremely temperature dependent and can vary greatly between parts.

Our isolator chips were found to be in Bin H, which means K3 was between 1.297 to 1.456.

We are looking for a gain of 1. This gives:

R2
. <57 <0.
0.687 < Rl <0.771

R2 =56kQ and R1 = 82kQ satisfies this.

R1, which is R12 on our board, was left uninstalled when testing. This allowed us to test a resistor

and the isolator’s gain before soldering it in.



It was also necessary to determine the current going through R13 and into the isolator’s LED. We

were asked to produce a 0.5 voltage drop over R13. The current is set by K1, R1, and Vin.

With Vin about 1V, R1 = 82kQ, and K1 to be 0.012, we can calculate Io.

inma;r,

B=7 Kk,

This was actually used to calculate R1 first, but for practical purposes, we’ll show that the R1

satisfies what we want for lo.

Also, it is important to note the maximum output current from the Op-Amp (Reference [4]) which
was found to be 30 mA. Given R1, K1, and Vin, we’ll consider that this maximum won’t be reached. Io

was found to be 5 mA. Using Ohm’s law, we choose R13 = 100€2, which gives a voltage drop across R13
of 0.5V.

¢. Multisim Simulations

i. Time Domain Plots With EKG Data

We ran transients with the provided EKG data at several points throughout the circuit.
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Figure 10: Difference Between the Left and Right Inputs
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Figure 11: Output of the In-Amp
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Figure 12: Output of the Filter (red) and Isolator (green)

Figure 10 shows the difference between the left and right inputs of the simulation. This is
essentially what the in-amp does, so this is a good way to see the amplification of the in-amp. We can see

that the data is in the range of 1mV. Looking at Figure 11, we notice that the output of the in-amp looks



the same as Figure 10, except that the signal is amplified to a range of 1V to 2V, which matches the
specification of 1V to 2.5V. Next, Figure 12 shows the signal after passing through the low pass antialias
filter and after the isolator. The filter smooths out the data by attenuating higher frequencies to make it
more readable. The isolator was designed to have a gain of 1, and Figure 12 shows that the two signals are

very close in amplitude.

ii. Frequency Domain Plots

We ran AC Sweeps on the anti-alias filter in three steps. First the first filter, with Q of 0.5412, we

expect to see -5.3 dB at the corner frequency of 63Hz.
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Figure 13: First Filter Bode Plot

Looking at Figure 13, we can see that we have a breakpoint frequency of about 60Hz, which

matches the analytical value of 63Hz.

First the second filter, with Q of 1.3065, we expect to see 2.3 dB at the corner frequency of 63Hz.
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Figure 14: Second Filter Bode Plot

Looking at Figure 14, we can see that we have a breakpoint frequency of about 60Hz, which

matches the analytical value of 63Hz.

Finally, the total system is 4th order butterworth, so we expect -3dB at the corner frequency.
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Figure 15: Second Filter Bode Plot



Looking at Figure 15, we can see that we have a breakpoint frequency of about 60Hz, which

matches the analytical value of 63Hz.

d. Layout

i. Overlay of Board
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Figure 16. Copper Bottom (Red), Copper Top (Green),
Silkscreen (blue)

ii. Component Placement

The main placement choice for the board was to line up the IC chips, with bypass capacitors in

between. This allows us to have straight and long power wiring along the length of the board. R12, our



DNI part, was placed on the edge for ease of placement and soldering. Generally, horizontal traces were
made on the bottom side, and vertical traces, which were more frequent, were made on the top side. The
IC chips follow a loop that parallels the stages of our EKG. First the In-Amp and EKG, then the filter,
then the first op-amp of the isolator circuit, then the isolator, and finally the second op-amp after the

1solator.

iii. Gerber File Generation and FreeDFM submission

To check the validity of our board, it had to be sent to FreeDFM as a zip containing gerber files. A
general outline (Reference [5]) was followed to do this. First a DRC and connectivity check was run
within Ultiboard. The files were then exported as gerber files using the UVA CAM export structure. Using
CAM File Renamer software, the files were renamed and downloaded as a zip. This was submitted to

FreeDFM, which confirmed its integrity. There were no issues encountered during this process.

Section 2

a. Assembly and Testing

The board was tested in the following steps:

1) Connectivity tests. Our multimeter was set to beep if two metal contacts share a node. We tested
every node from its furthest connections. No issues were found.

2) Next, voltage was input to the board. VCC, ground, and VMID were measured with a multimeter
for every op-amp before putting the IC’s in.

3) Once the power was verified for usability (this was not a full verification of the power system,
because it was not done with the battery and testing of the regulator) we could test each
subsystem, beginning with the In-Amp. A small Imv sin wave was input on one input to the
In-Amp, tying the other to ground. The expected output was a 1V (gain of 1000) sine wave with
1.65 offset. Below is an experimental graph of the In-Amps output.
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Figure 17. In-Amp Output

This confirms both the functionality of the In-Amp and the integrator. The sin wave at the input

has a varying amplitude, but this is only due to the AD2’s difficulty of putting out such a small AC

voltage accurately.

4) Next, we’d test the filter in three steps. First the first filter, with Q of 0.5412. At the corner
frequency of 63Hz, we should see -5.3 dB.

10

-10
-20
-30
-40
-50
-60

-80
-90

Stop | C1 C2 51steps 1Hz-1kHz|2023-10-2916:37: & | = @&

—I—r‘—l—r—v—'—v—
| X:62.062Hz 1
- -l c1:-5.33276 dB

_‘ """""""""""""""""""""""""" s

8p opniuben

| I i Jlllxlll " PRI EEE—r——

Figure 18. Filter Section 1 Bode Plot



This confirms the first filter.

The second filter has a Q of 1.3065. At the corner frequency, we should see 2.3 dB.
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Figure 19. Filter Section 2 Bode Plot

We’ll notice that we see 2.3 dB at a low corner frequency, but the overall system isn’t affected too

greatly.

Finally, the total system is 4th order butterworth, so we expect -3dB at the corner frequency.
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Figure 20. Full Filter Bode Plot

5) Finally, we were to test the isolator. The main task was to confirm the gain of the system. With a

1V, 60Hz input signal, the isolator outputted something very similar to the input, as seen below.
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Figure 21. Isolator Output vs. Input

The isolator was deduced to be functional. This was repeated at the output of the unity gain buffer

that succeeds the isolator, and the signal was the same, which confirmed that op-amps

functionality.

We could now test the full system with the downloaded EKG data at the input of the In-Amp. The

other input of the In-Amp was tied to ground. The output was taken at the output of U4, the unity
gain buffer at the output. The following graph shows the output.
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Figure 22. EKG Output 3

7) Once the functionality of the whole system was confirmed, we’d be able to test on a human
subject. First, however, we wanted to make sure the device could run on the battery supply. The
IC’s were removed. The battery was plugged in, and the output of the regulator was confirmed to
be 3.3V. The regulator worked. We removed the shunt on J99 which connected the grounds, and
properly reshunted J5. VCC and ground were checked at the pins of the IC’s at the board. Once the

proper voltages were confirmed, the chips were reinserted.

8) We could finally test on a human subject. This yielded the following output seen in 2.a.1ii.

i. Testing Difficulties

When working with our ECG board, we experienced a decent amount of noise when testing our
components. Although this made it difficult to read and confirm measurements, we were able to make the
situation better by minimizing our usage of the breadboard (amount of jumper wires used, etc.) to create a

more direct connection between the probes and the ECG board. Also, different areas of the rooms yielded



different amounts of noise, which was most probably a result of small EMF interferences with the board

that vary based on the location in the room.

Additionally, when testing the filter, our plan was to test the two 2" order filters separately before
testing the complete response. Our frequency response was not showing up properly for individual filter
tests, and upon performing a continuity test with the multimeter, we found that test pin U/9 (in between
the two filters) was not connected to the output of the first filter or the input resistor R/0 for the second
filter. To work around this, we used alligator clips to connect directly to the midpoint of the filter (R10),

and from there we were able to confirm the proper frequency responses for each of the filters.

ii. Differences between analytical design, simulations, and physical testing

Difterences between analytical work and numerical verifications were almost nonexistent.

Some differences were observed when comparing numerical and experimental verification, which

can be attributed to resistor error and difference in isolator transfer gain K3.

The clearest way to see this error is in the filter, where the corner frequency in the experimental
filter is found to be 5SHz less than the numerical. 58 Hz vs. 63 Hz. It is also likely that the gain of the
op-amp is slightly different from numerical gain. However, this was not tested directly because of the
AD2’s difficulty to output small signals. What matters is that the gain was close enough to 1000, and thus
yielded an output in the range of 1V to 2.5V.

Finally, the output of the isolator was slightly different when comparing numerical and
experimental. The gain in the experimental verification seems to be slightly less than 1. This must mean

that K3 was slightly smaller than what we assumed it to be numerically (less than 1.3).

a. Images



i. Test setup

Figure 23. Experimental Setup

ii. Board

Figure 24. Frontside of Board
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Figure 25. Backside of Board

iii. EKG Waveforms Output

v K Stop Jc1 €2 8000 samples at 1.6 kHz | 2023-12-07 20:48:31.069 @ N £ E 9§y
2.04
1.94
1.84

- A 1
- s, Y B Y BN

Falia ([ VAU A V L
e | | |

194 el e b b b b b b b b b b b b b b b B by

X |v-25s -2s -15s -1s -05s 0s 05s 1s 15s 2s 25s
A L

Figure 25. EKG Output 1
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Figure 26. EKG Output 2

Comparing Figure 25 and 26, we can notice that the heart rate for output 1 is faster than the heart
rate for output 2. Output 1 had a period of about 0.85s which corresponds to a heart rate of 71 beats/min.
Output two had a period of about 1.15s which corresponds to a heart rate of 52 beats/min. The amplitude
of output 1 had a higher amplitude at each pulse, which we believe is due to a better connection between
the electrodes and the skin of our subject, Quentin. Finally, we can conclude that Quentin Barnes Olsen

has a healthy heart rate for a 20 year old man.

a. Data Capture and Filtering

To design the FIR filter to eliminate 60Hz interference caused by ambient electromagnetic waves
from nearby electronics, we followed the process outlined in the Moving Average Filters handout
(Reference 6). Our data had 8000 samples gathered at 1.6kHz samples per second. First, we calculated the
length of the filter using the following process:

*k
Q _ 2m finterference _ 21*n
= f = N

sample

Solving for N:



_ fsample*n
N = f

interference

We know that

f = 60Hz, fsample = 1600Hz, andn = 1

interference

Plugging these values in we get N = 26.666

Because we did not get a whole number, we had to implement two filters at the two nearest whole

numbers to N = 26.666. Now we redo the above process but instead we are solving for f inter ference

given N = 26 and N = 27. The following formula was found by swapping N and f from the

interference

formula in the previous section:

_ fsample*n
f interference N
N = 26: finterference = 61.538
N =27 finterference = 59.259

With these values, we created two kernels:

26 values equal to 61. 538/1600
27 values equal to 59. 259/1600

To get our final kernel, we convolved the two kernels together. With our final kernel, we applied
the filter to the EKG data using a convolution to filter out the 60 Hz interference. The code is in Appendix

B. The results are shown in the following three figures.
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Figure 28: Original vs Filtered EKG Data 1
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Figure 29: Original vs Filtered EKG Data 2

Looking at Figures 28-29, we can see that the FIR filter successfully removed 60Hz signals from

the data, producing a much cleaner output. A graph with only the filtered data is shown below:
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Figure 30: Filtered EKG Data

Conclusions

a. Flow of work, design decisions, and resources used

The learning curve to understand the EKG’s functionality made the project feel very slow initially,
and very fast-moving once the boards were brought back and testing began. Thankfully, few major
roadblocks were met other than large amounts of interference when testing the EKG with a human

subject. This made the flow of work consistent and fluid.

Given the requirements provided, very few design decisions were actually made. Firstly was the
layout. Its design is described above and thoroughly explained. The only other major design decision was
the choice of not installing R12, a resistor that set the gain on the isolator. This was done because K3 was
the largest variable in our circuit. Given that it could vary so much, we wanted to be able to change R12

to a lower value if K3 was larger than expected, and to a lower value if K3 was smaller than expected.

Resources are shown in the References section. Datasheets proved to be the most vital resource to
this project. The Op-Amp datasheet was referenced numerous times to confirm maximum output current

and voltage. The In—~Amp data sheet was referenced to calculate the gain, and verify that it was possible



given its maximum gain rating. We were provided with two useful documents for the isolator. The first
noted K3 values and characteristics of the isolator. The second provided us with its implementation and
equations that calculated gain and output current. Finally, some very useful documents were referenced to
design the low-pass filters. Texas Instruments write-up of “Active Low-Pass Filter Design” provides a

useful simplification that was implemented when writing the code to design the filters.

b. Project Future Improvements

Our only comment would be that understanding the isolator was extremely difficult. We feel as if
we would have learned more if it was taught to us, rather than having to understand its functionality
through the datasheets. The truth is that the isolator has many different uses, and its usage in a medical
device is not mentioned in the datasheet. On top of this, resources online were sparse. Because of this, the
isolator system was designed to be functional without being fully understood. This might be a task we
might face in the professional world, but it would make sense to learn about a new component, given that

we are already most of the way there.
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Appendix A - Sallen Key low Pass Filter Design Code

clear;

resistor values in lab kit = [10, 12, 15, 18, 22, 27, 33, 39, 47, 56, 68, 82, 100, 120,
150, 180, 220, 270, 330, 390, 470, 560, 680, 820, le3, 1.2e3, 1.5e3, 1.8e3, 2.2e3,
2.7e3, 3.3e3, 3.9e3, 4.7e3, 5.6e3, 6.8e3, 8.2e3, 10e3, 12e3, 15e3, 18e3, 22e3, 27e3,
33e3, 39e3, 47e3, 56e3, 68e3, 82e3, 100e3, 120e3, 150e3, 180e3, 220e3, 270e3, 330e3,
390e3, 470e3, 560e3, 680e3, 820e3, leo6];

capacitor values in kit = [0.0le-6, 0.le-6, 0.47e-6, le-6, 4.7e-6, 10e-6, 100e-o6,
220e-1271;

gl desired = 0.5412;

tolerance g = 50e-3;

f desired = 63;

tolerance f = 5;

Rl = resistor values in lab kit;
R2 = resistor values in lab kit;
Cl = capacitor values in kit;

C2 = capacitor values in kit;

for i=1l:length (R1)

for j=1l:length(R2)

for k=1l:1length(Cl)

for 1=1:length(C2)

ml = R1( )/R2 (3) 7

nl = ) /C1(k);

ql = sqrt ml*nl)/ (ml+1)

fl = l/(2*p1*R2(j)*Cl(k) sgqrt (ml*nl));

if (gl desired - tolerance g <= gl && gl <= gl desired + tolerance q)

if (f desired - tolerance f <= fl && fl <= f desired + tolerance_ f)

if (R1(i) >= 47000 && R2(3j) >= 47000)

fprintf ('R1: %f, R2: %f, Cl: %s, C2: %s, g: %s, f: %s \n', R1(i), R2(j), Cl(k), C2(1),
ql, f1);

end

end

end

end

end

end

end

g2 desired = 1.3065;

tolerance g2 = 50e-3;

R3 = resistor values in lab kit;

R4 = resistor values in lab kit;

C3
c4

capacitor values in kit;

capacitor values in kit;
for m=1:1length (R3)
for n=1l:1length (R4)
for o=1l:length(C3)
for p=1l:1length(C4)
m2 = R3(m) /R4 (n);



n2 = C4(p)/C3(0);
g2 = sqgrt (m2*n2)/ (m2+1);
f2 = 1/(2*pi*R4 (n) *C3 (0) *sgrt (m2*n2)) ;

if (g2 desired - tolerance g2 <= g2 && g2 <= g2 desired + tolerance g2)
if (f desired - tolerance f <= f2 && f2 <= f desired + tolerance f)

if (R3(m) >= 47000 && R4 (n) >= 47000)

fprintf ('R3: %f, R4: %f, C3: %s, C4: %s, g: %s, f: %s \n', R3(m), R4(n), C3(o), Cd(p),
q2/ £2);

end

end

end

end

end

end

end

Appendix B - Moving Average FIR Filter Python Code
import numpy as
import pa

mport matg

file path
sheet name

4.readiexcel(fileipath, sheet name=sheet name)

time = df['Time']

voltages = df['

= fc_61 / fs

kernel 61.append(kernel 61 values)




combined kernel = np.convolve(kernel 59, kernel 61)

ata = np.convolve (voltages, combined kernel, mode='

.figure (

.plot (time[20: voltages[20:-20], label=

t.plot (time[20:-20], filtered ekg data[20:-20], label='Filt

.title('Original and Filte
.xlabel ('Time")

.ylabel ('V e')

.legend()

.show ()




