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Abstract

This project set out to evaluate the functionadityan integrated circuit for
monitoring electrophysiological signals. To do fluar team created an analog system on
a PCB and a digital system on an FPGA. After idginigy problems with the IC as
fabricated, the team reproduced the functionalitthe IC using discrete components.

We integrated the systems, and the final produstawaorking system which

successfully read electrophysiological signals.
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1 Introduction
Electrophysiology, the study of electrical actuih the human body, is common

and the technology is well developed. Diagnostloeardiograms, EKGs, are so routine
they are considered part of the minimal standarchaé in hospitalsSEEGs (brain wave
monitoring) are used to diagnose epilepsy, detegrbmin death and also research sleep.
Beyond the purely diagnostic applications of elggtrysiology, EMG, skeletal muscle
signal monitoring, can be used for applicationgiag from incontinence control to pain
managemenitWith such widespread use of biological electraighal monitoring, many
systems already exist that can collect and andahegse individual signals. However, in
the field, there exists no comprehensive and ptatdévice for the collection of a set of
these signals. Because the different signals hdfezetht amplitudes and frequencies,
creating a small sized and low cost device forabikection of several different
biomedical signals is not a simple task. It musioaat for a wider range of frequencies
and voltages then a system designed for one saoraé. Table 1 shows the range of
three the most commonly monitored electrophysi@algsignals and gives an idea of the

ranges requirely.

Biopotential Approximate Frequency
Amplitude Range
Diagnostic ECG 1 mV 0.05-100 Hz
Surface EEG 100 uVv 0.1-100 HZ
Needle EMG 1mvV 100—2000 Hz
Surface EMG 1 mV 20-500 Hz

Table 1: Common Electrophysiological Signals

" http://www.cmglaw.com/articles/cmg_pub_newstandadfitsearch=%22%22standard
%200f%20care%22%20ECG%22

" http://www.noraxon.com/applications/research/agtians.php3

il Webster JGMedical Instrumentation: Application and Desig8® ed. John Wiley &
Sons, Inc., New York, NY, 1998.



In many cases, the biomedical signal acquisiteviaks are composed of discreet
parts, but with the advent of new IC technolog, plossibility for smaller and more
versatile monitors is becoming a reality.

A comprehensive, light weight and multiple use &tgahysiology monitor could
find use in many different sectors. The most obsiose is in a clinical setting
monitoring the well being of patients. The militampuld also have an interest in
monitoring the overall health of soldiers. Many grmedic deaths are during the attempt
to revive an already expired soldier. Ambulancew@l could use a portable device to
monitor the condition of patients during lengthyreoation and stabilization procedures
that occur outside of the ambulance or a hospitaihg). Another more advanced
application would be the creation of EMG controlfgdsthetics. The ability to read and
process the EMG in real time could make advancesitpetics that could simply ‘sense’

what movements a patient wishes to make by mondalectrical signals.

1.1 Prior Research and Development

Under the direction of Prof. Edward Clancy work wiasie on the development
of a multiple signal IC. Currently biomedical ingtnentation is performed with the use
of discrete elements. But advances in IC technofoggle the creation of an integrated
circuit possible. This includes the ability to naralog and digital functions during the
creation on an IC (e.g., the Analog Devices AD7%ighal Conditioning ADC).

Two analog lab projects have previously workecduilite concept of a multiple
signal biomedical IC. The first group, working met2005-2006 academic year, produced
a basic plan during the course of an MQP. The MfgRted a breadboard version of a

second order- analog to digital converter within the parametegsded for the



biomedical signals. Then an IC was modeled aftebtiead boarded circuit and tested
using software.
A thesis project was then developed. The plangh®iC were modified and a

final version of the IC was fabricated.

1.2 First order Sigma Delta

Although the IC uses a second-order ADC, we can use a first-order in
order to design a filter capable of reconstructimgoutput and gain a basic
understanding of how the IC operates. Figure lansata block diagram of a first order

Sigma Delta ADC.

Quantizer
Integrator {Comparator) Dout

1-Bit DAC

. + .-/f -\_I
Vin —HKZ_;_.

D

Clock ;
Signal

Figure 1 - Block Diagram of a First Order Sigma-Deta ADC [5]
The first order - converter takes the feedback from its previouputuand
sums it with the input Vin. The integrator thenputs to a comparator, which acts as a
one-bit quantizer. The one-bit quantized signahtbetputs to a one-bit Digital-to-
Analog converter, which is connected to a clock ardproduce a one-bit output Dout
on every rising edge. Further analysis of the converter is done in section 3.1.1 of the

report.



1.3 Project Goals
The primary goal of this project was to analyze st the success of the

manufactured biomedical IC. The IC was to be tegtdg the amplitudes and

frequencies of three of the most common electraplogical signals; the ECG, EEG and

EMG. Depending on the success of the IC, a workygiem implementing the IC could

have been developed. Signal processing was alsoteggo the success of the project

and to be performed using an FPGA. The FPGA waakmthe -

filter and reconstruct the IC output data into ahie digital form.

1.4 Project Plans
A block diagram for our overall system can be fobetbw in Figure 2.

Block Diagram

converter outputs,

PCB Board
- - -
Differential —N |\
; i i ’ put to chip
Patient Electrog:;y::l)loglcal Amplifier [ IC ) FPbGIA
(DDA) [Feedback voitage | (2-A ADC) l/ (see below)
N
Timing -
Signals
|
FPGA
PC
\ FIR R n td\ \ Signals go to
loi . i econsTuCe computer
Digital Signal l/Recopitruc*llon Biomedical Signal /| Output from FPGA e
e display

Figure 2: Diagram of Proposed System



We planned to implement this system using the Yalg methods: First, take the
signal from the chip and run it through a converter — parts of this converter are
already be on the chip, while others, such as tB& preamp, must be constructed. We
put the DDA, the IC, and additional componentsgower and bias currents on the PCB,
and have it fabricated.

The PCB, effectively a working- converter, was to output a digital signal to an
FPGA, where the FPGA reconstructed and digitaltgrfithe signal. The FPGA uses an
FIR reconstruction filter. Since the signal will @aealog multiplexed, the FPGA may use
multiple filters based on the specific signal itrigng to get (an EKG, an EEG, or an
EMG.) This filtered signal would pass through a@#o a PC, where the DAQ input

would be collected by Labview and then processatjudatlab.

1.5 Report Outline
The report is split into four sections. The fgsttion deals with the IC

itself and the analog portion of the project. Tihidudes the PCB design and a
description of the functionality of & converter. It will also cover the eventual bread
boarded - converter. The second section includes the digitid of the project. FPGA
programming and filter design for the output, are discussed. The third portion of the
report covers the integration of the two sides twedeventual results of the project.
Lastly, the conclusion and future work sectionstaonthe information gained as a result

of this project and insights that may be usefudtteers working on similar projects.



2 Analog System

2.1 Differential Difference Amplifier

2.1.1 Description
One important component of the converter was not included on the IC

manufactured, the differential difference amplifi€he DDA is extremely important to
the design for several reasons. Amplification iarhyealways necessary in
electrophysiological applications. This is becabieenedical signals have extremely low
amplitudes and are in a frequency range that isgto corruption by the 60Hz noise
produced by power supplies. A DDA also allows sattion of an error signal to
eliminate motion artifacts and baseline drift, athemmon noise sources, from
biomedical signals.

Most importantly to us, however, it performs thesning done in the initial
stage of the - conversion, as seen in Figure 1. It would be fds$0 test the behavior
of the - converter present on the chip by using signalk esplitudes outside of the
electrophysiological range, eliminating the needdmplification and noise reduction,
and still verifying the basic functionality of th€. However, without the summing
performed by the DDA, the ADC does not function.

The pre-amplifier went through several modificasolnitially, the pre-amp
contained 2 differential pairs. Later these 2 paiese replaced with a single differential
pair. Further improvements involved the removaihaf 2 discrete op-amps seen in Figure
3, reducing the two differential pairs to one p#ie inclusion of a feedback portion and

conversion from a differential to a single endetpat



An initial design for the DDA is seen in FigurelBuses a current mirror to
supply current to two differential amplifiers. Tleeare also two cascodes, which increase

gain and bandwidth by reducing the parasitic capace and increasing the output

resistance.
WCC
R
CDﬂD?ﬂ1_ _______________
| o i,
a1 CD4D(01?'2 :|——|——‘——|: | - '
| cosoo7 L =y s
| — CD4dD? Youthd YoutP
-y 1 |
CoMOFUs | — < Pn7eND | N
| B |
Vi | |@5 | | o |
°——|: o 40%1?5: WinPP | a7 CO400
| — — .—'——|.—CD400? | |
| |codoo7 | | = B |
_ 1 |

WinhtP L+ —— VinPM |

T
¢ L4AC | (W] _‘
—
| 217000 |
i LM324M| |

CD4007 U3

R1 R2
1k0 21.1k0

Figure 3: DDA Schematic

2.1.2 Behavior
The schematic was bread-boarded and its behasted to verify its

functionality. The results of the analysis can tenid in appendix A. Its behavior was
tested in two ways. First, the negative differemgit was set to 0 and a varying
differential input was supplied to the differenassipive differential

Using MATLAB the behavior of the circuit was plett. ‘Polyfit’ was used to
determining the % order equation with the least sum of squaresHfetinear region,
which was approximated to be between -100 and 100rh\$ equation came out to be

Vout = 1.223(Vin) + 10.7 equation 2



This indicates that in the linear region the gdithe circuit is 1.233 and the DC

offset is 10.7mV.

DDA output and Polyfit line
800 ‘

Vout
600 - Polyfit line | |

400

200

Vout in mV

-200

-400

-600

L L L L L
-600 -400 -200 0 200 400 600
Vin in mV

-800

Figure 4: DDA Output and Linear Behavior

A third order equation gave smalf 8rder coefficients.
This equation is useful and encouraging, as therd 3 order polynomials are

relatively small compared to the first order, irating that the region is linear.



Later, with a higher gain, obtained by changingstess R6 and R7 to 30kOhms
the linear region can be seen to increase beyandl 00 to 100mV range. It appears to

have a linear region of +- 200mV. Using this ratmdetermine a polyfit line gives the

equation
Vout = 7.0088(Vin) -121.02 equatidh
DDA output and Polyfit line
1500 1 Vout. . ]
Polyfit line
1000 + B
500 - e .
>
e /
£ 0+ P i
=
(=]
>
-500 + g -
7
-1000 - -
11500 | / .
/ I I I I I I I I I I
-250 -200 -150 -100 -50 0 50 100 150 200 250

Vinin mV

Figure 5: Larger Gain DDA Behavior

2.2 Preamplifier Second Design
The 29 preamplifier model can be seen in Figure 6: PrddienpSecond Design.

Resistance values were found to set the DC offgbeaoutput to close to 2.5 V.
Ri=5.6k gives a\{;=2.5012V and a = 2.4937V.
A Rg of 5.1k gives \k of 2.4625. With this value ofdRa 2R; value was approximated

with 10 k resistors.
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Figure 6: Preamplifier Second Design

2N7000

With the voltage and resistance values indicatedamalyzed the behavior of pre-amp.

For the 2° op-amp model, For the larger range fit the -202a0

B=-93.138 M=4.6826 Gain of abowt.4DC offset of -93.1mV

For the small range fit -100 to 100

B=-90.364 M =4.6791
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Vout and Polyfit
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Figure 7: Polyfit for preamp 2

To get a better idea of the error of the polyfieli the residuals were calculated
for each of the polyfits. This was done by subtrarthe actual value from that predicted

and plotting these.
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Residuals for 2nd Op amp Model
8 T T T T T

Large range residuals
Small range residuals

Error in mV
o
T

_8 | | | | | | |
-200 -150 -100 -50 0 50 100 150 200
Vin in mV

Figure 8: Residuals for 2nd Amplifier

As is shown in the figure above, the residualsraftel00 mV grow rapidly larger.

2.3 Second Preamplifier with Feedback
The next step in creating a viable pre-amp inclutdedaddition of circuitry for

the feedback. A voltage divider provided the 2.8\the feedback portion. The feedback
portion takes an integrated version of the outpuhfthe - converter and will
increases or decrease the output. As the feedl@ok increases, the output decreases

and the output increases as the output decreasgatiXe feedback improves the stability
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of the amplifier.
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Figure 9: Preamplifier with Feedback
Vout vs. Vb
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Figure 10: Vout as a result of Vfb
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The results show a small linear region around 2\é feedback would have to
be lower then +- .5 volts to be used with this gesiThe resulting change due to the
change in the feedback was also much larger theallypexpected, in the range of
hundreds of mV.

Next a simulation of the schematic was create@falyzing its behavior relating

to changes in the feedback voltage.

Vout and Polyfit for Vo

0.4 ‘ ; ‘ :
Vo
0.2r Vo Fit | -
O [ -
0.2+ g
_04 | | | | | | | | |

22 225 23 23 24 245 25 255 26 265 27

Vout and Polyfit for Vs

0.4 ‘ | ‘ |
Vs
e Vs fit | 4
o —
-0.2+ |
L | ‘ ‘ ‘

-Oé.Z 2.‘25 2.3 2.‘35 2.4 2.‘45 2.5 2.‘55 2.6 2.65 2.7
Figure 11: FB polyfit
At the Vs portion, gain is .220 and the offset. &14.

At Vout, the gain is 1.40 and the offset is -3.43.
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Residuals for Vo
0.02

0.01F B

-0.01+ N i

_002 L L L L L 1 L
22 225 23 235 24 245 25 255 26 265 27

Residuals for Vs

0.4

0.2} |

.04 L L L L L 1 L L L
22 225 23 235 24 245 25 255 26 265 27

Figure 12: Feedback Polyfit Residuals

The residuals are quite small at Vout, though fer tfiey are surprisingly large.
They are also very linear for the VS, which indesathat the results are not accurate and
need to be re-analyzed. Any linearity should hasenbincluded in the calculation of the
polyfit line.

2.4 PSpice Simulation

Accurately simulating the preamp was unsuccessfealtd a lack of model for the
CD4007.

The results of the initial simulation can be seethe figure of the schematic. The
differential input is at too low a level. For a geilc enhancement type MOSFET |
obtained a differential output of 1.93 volts foognded inputs and a Vfb of 2.5.

A simulation model for the CD4007 was used but #is® failed to provide the
observed results.

For a downloaded MOSFET model without the additidbaariable, the Vout is

around 3.26V, and does behave as a differentialifienpwith a linear region very close
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to that of the actual circuit. However, it behawasch more ideally then the actual

circuit.

2.5 PCB Layout

Figure 13: Multisim Schematic

For testing to be done on the IC, the chip haoktancorporated into a schematic
that would provide it with the necessary voltaged bias currents. It also needs a
working interface between the IC and the FPGA. gs$ire pin out instructions provided
by the group who designed the IC, which can be geigure 14, a schematic was made
in Multisim, Figure 13: Multisim Schematic, and theansferred to the PCB layout

program Ultiboard.
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Figure 14: IC Pinout Description

2.5.1 IC Inputs
The board layout can be seen in Figure 15. Voltagae provided using voltage

dividers. Pins were also incorporated into the sdt& so that the voltages could be
verified, and if necessary, supplied by a powers®urhe nontraditional resistance
values, such as 69.3k 235k , and 170.8k needed for setting the bias currents, were
placed on the board using parallel resistors. Timdpaders were included to help verify

that the bias currents were correct.
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Figure 15: PCB Design in Ultiboard

SMA connectors will provide the input voltages. $aeare labeled ‘inputamp +-°
These voltages will be the output of the pre-anglifSMA connectors will also provide
the feedback output. A through hole was also lefinected to the feedback outputs so
that they could be connected by wires to the preamp

The header pins will supply the IC with the 4 tignsignals. 4 timing signals
must be supplied by an outside source. These widldntrolled by the FPGA. There are 2
reset inputs, one for each of the integrators. &lsggals are referred to as VSTEP.
There is also a reference voltage, which can begdsato adjust the behavior of the
DAC. Since the recommended voltage is 2.5V, the FREconnected to the 2.5V CMV.
However, there is also a jumper for disconnectii®RE¥ from the CMV, and a pin so that
a different voltage can be supplied from a poweirce.

One complication in connecting the FPGA to thed@hie different logic levels
each operates on. The IC has a logic high of 5Meathe FPGA has a logic high of 3.3V.

This problem was overcome by the use of the SN74CSZA5A, a bidirectional voltage
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translator. The datasheet for the SN74LVCC3245Abmeeen in Appendix H. Two
were included on the PCB, one translating from FRGAC, the other from IC to FPGA.
A second set of header pins were added to the tagothat the functionality of the
FPGA and the voltage translators could be veriubde the FPGA is connected to the

PCB.

2.5.2 IC Outputs
The IC produces 4 pairs of signals; Feedb@elerall system, First integrator,

Comparator. The feedback outputs must be connéatied pre-amp of the system. This
will complete the Sigma-Delta converter. The renmajriC outputs will be the
determination of the success of the IC. In additmthe overall system outputs, two
other sets of outputs are given to aid in the tdsknalysis.

Although they would not be necessary outputs ima system, the prototype IC
also outputs the comparator outputs and the fitegrator outputs. This additional data
will aid in determining what parts of the IC arehbging as expected, extremely

important if the IC overall output is not as predatby the simulations.

2.6 PCB Design
When the PCB was received from manufacture, itthdmk checked and soldered.

This involved ensuring that the IC was receiving dppropriate inputs even before
added to the circuit.

Initially, voltage dividers were implemented andtesl. The values that were
obtained were Vboostl at 3.8488V, Vboost2 at 541¥2 and a CMV of 2.4928 V.
These are all acceptable values. Vboostl was sgebaf 3.85V, Vboost2 at .550V and a

common mode voltage of 2.5V.
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The next step in completing the PCB involved thikage translators necessary
for converting the FPGA 3.3V logic high, to the 8gic high of the IC. The voltage
translators purchased were soldered onto the badueh initially tested were found to be
non-operational. This was due to a problem withsitfeematic, where a NC, no
connection, pin was treated like the DIR, directilppin and vice versa. Fortunately, this
issue was overcome by soldering a wire to the NCIAR. After this the voltage
translators were then tested using the FPGA. AlhefFPGA to IC signals were
operational and being translated correctly.

A third input voltage was needed for the voltagm$iators, a 3.3 volt supply. The
FPGA also operated as an effective 3.3V sources iBHieneficial, as before a power
supply had to be used.

The pin assignments for the FPGA outputs can be ise€able 2.

Header Pin NumberFPGA Output
5 VstepA

7 VstepB

9 PhilA (timing)
11 Phil

13 Phi2

15 Phi2A

Table 2:FPGA outputs
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The bias currents were implemented and checkedTlhast is due to the fact that

they required that the IC be on the board in tlekeb The values obtained were as

follow.

Name IC Pin Expected Measured % differend
Biasblock1 Pin23 16 uA 14.9 uA 6.9%
Biasblock2 Pin 1 16UA 15.5 3.125%

Ibias1A Pin22 S50uA 48.2 3.6%
Ibias1B Pin44 50uA 47.3 5.4%
Ibias2A Pin26 20uA 23.1 15%

Ibias2B Pin43 20uA 22.9 14.5%

Table 3: Bias Current Values

The expected values are those given by Plourdaamnsleen in Figure 14: IC Pinout

Description. Pins 26 and 43 had a surprisingly sindlarly large percentage difference

from the current expected. Both were around 15%s iifay indicate that the resistance

used should be altered. However, on ICs variangaEmeters within 20% is considered

good, so these should not pose a problem.

The PCB was completed. 4 SMA connectors were seddento the board to

complete the circuit. There was a small probleninthe PCB layout, the SMA was not

automatically grounded. This was fixed by remowiegne of the soldering mask and

soldering the SMA ‘legs’ to the GND plane.

After the PCB was put together, we attemptedgottes operation of the IC. This

was difficult to do due to the fact that no summisipeing performed. Although an input
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of 2.5 volts was recommended, observing a simuilaifthe sigma-delta converter
made it clear it will be difficult to attempt to emate the converter correctly without the
summing function. However, we were able to get vayputputs from the IC, which is
an indication that the IC is possibly operatiofar a DC input of O, the IC output all 1s.
For every other input, there was a 0 output.

In an attempt to determine the functionality of i6e we first tried to attach the
MOSFET preamplifier, operating under the assumptha the feedback loop was not
included in the IC. This failed to work, due to svextreme voltage drift in the output,
sometime in excess of 1V.

Initially, we used a design suggesting, 2 summim@ldiers. This produced
unsatisfactory results. The summing portion ofgheeamplifier doesn’t actually sum the
input with the feedback, it subtracts.

We then built a difference amplifier with a gaiinlo It was tested and integrated

with the PCB.

Figure 16: Difference amplifier [2]

iv
http://www.analog.com/Analog_Root/static/techSupfol@signTools/interactive Tools/sdtutorial/sdtutbria
html
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100kOhm resistors were used. However, the outpitag® was not as expected.
We assumed this was due to current flow in the di®plTo solve this problem, 3 buffer
amplifiers were added to the circuit.

Unfortunately the circuit still shows drifting ohd output. We made the
assumption the drift has something to do with thledvior of the IC, as it occurs at the
FB output. One guess made, was that there is 4 amalnt of bias current and
resistance associated with the IC feedback theftesting the voltage at the output of the
unity gain buffer.

The drift in the output turned out to be due toftet that the output was not
meant to be fed back into the system. This wagaaebasic misunderstanding of the

integrated circuit.

2.7 Integrated Circuit Nonperformance
Because of continuing problems with the outpuhefIC, even after discovering

and accounting for feedback being included intdynialthe integrated circuit, its basic
functionality was double checked. This check resgahat the bias currents were
missing, although the voltage dividers were sprmational. The only changes made to
the PCB between obtaining the correct currentsnemidhvolved grounding several pins,
none of which were associated with the socket. ¥éeimed the problem was with the
IC, another IC was tried. This also didn’t work.

After leaving the circuit alone for some time, managed to get a reasonable
reading from the bias currents, and attempted tailolan output. The output was still not

what was expected so the input voltage was incdeagdo 9V peak to peak, which
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might have damaged the ICs. With still no currevd,tried the remaining ICs with no
input, as was done initially, and there were stllbias currents.

Something was wrong with the ICs. There are séyassibilities that can
account for the disappearance of the bias curréhessmost frequently suggested is ESD
discharge. The ICs were handled carelessly. Tiptaaation is unlikely but possible. It
would have been difficult to destroy 5 sequentiatigpecially since there were no
problems initially. However, one of the ICs waseally visibly damaged and another
might have been harmed in the high voltage testmyanother harmed during the
changing of the timing signals. Another possibiigyan issue with the IC. David Plourde,
who designed the ICs, mentioned that they are sengitive to the Vref. An incorrect
Vreff might affect the timing signals. This is aegtionable explanation, considering the
initial success of the voltage dividers used. Gndther hand, he also mentioned this
could vary from IC to IC. So possibly the initi& Wwas suited for the Vref given, but
subsequent chips were not.

We attempted to try and see if the Vstep resetadvclange the functionality of
the IC. This was unsuccessful. However, when Vatap applied the current drawn
dropped.

It would be interesting to run simulations to detme how much current the IC
should be drawing. This could be a good indicatbwhether the chip is blown.

This has been a learning experience. Documenthasralways been emphasized.
This drove the importance home. Some helpful infdrom that could have used to figure
out what was wrong would have been how much cumw@stdrawn initially, and which

of the ICs were used for different tests. We weogking with a black box, and should
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have tried more carefully to keep that in mind. $#leuld have also been more cautious
about ESD discharge and should have checked avegytd ensure that the bias currents

were active.
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3 Digital System

This section discusses the digital portion of ghigject. The digital portion was
an FPGA which provided timing signals to the cit@n the biomedical IC and filtered

the output of the Sigma Delta filter to a 24-buithl signal.

3.1.1 Matlab Simulation

The first order - converter can be modeled mathematically withfeflewing
equation:

Vi [Nl =V [N- 1] - Vpae * Doyr[N- 1+ Vin[n] Equation 1

VN1 represents the value coming out of the integrdtioe. comparator will make
Dout[n] positive if Vout[n] is positive and negative if Vo] is negative. This property,
along with equation 1, was used to simulate a @irder - in MATLAB. (MATLAB
code for the - simulation can be found in Appendix A.)

What the first order sigma-delta outputs is a digvith a resolution of one bit
that can represent a wave. The wave will havegelamount of high-frequency noise,
since it is often switching between -1 and 1, butill have an increased number of
positive signals when the signal is high and aneased number of negative signals
when the signal is low. Figure 1 shows a time-donpdot of the - output when Vin is
a 2kHz sine wave sampled at 1MHz — the original 2kkhe wave has been
superimposed in green. There is a lot of high fesqy noise, but the representation of

the 2kHz sine wave can be made out.
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Figure 17 - Time Domain Plot of 2kHz sine wave gomthrough - converter.
Original wave superimposed in green.

A frequency-domain plot of the output can show lsirequencies are active,
and can also show us what we need to do in ordectmstruct the original signal.
Figure 18 is a frequency-domain plot of the 2kHeesiave going through the sigma-

delta converter.
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Figure 18 - Frequency-Domain Plot of -  Output
The frequency domain plot shows the fundamentgluieacy, its harmonics and

high frequency noise caused by the sigma-deltaeren

3.2 Reconstructing the Signal

The - output contains the original signal fed into i It requires some
filtering before we can reconstruct the originguh This section describes how the
signal can be reconstructed, as well as what fileplan to use on the FPGA and how
we chose that filter.

In order to reconstruct the signal, we simply heveemove the high frequency
noise. This can be done by implementing a simplg&ss filter with a cutoff frequency

placed before the high frequency noise. The higleguency in the electrophysiological
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signals that we will be processing is about 2kHze Righ frequency noise in the
output doesn’t occur until the frequency is ovekH8. Because of this, the cutoff

frequency of the reconstruction filter was setldiid.

3.2.1 Finite Impulse Response Filter

Since this will be done on an FPGA, a digital filbeust be implemented. There
are two types of digital filters available to u§ite Impulse Response (FIR) and
Infinite Impulse Response (IIR). A FIR filter usgast and present input values to

calculate the output, and uses the following foamul

M

y(n) = bx(n- k) Equation 2 - FIR filter
k=0

An IIR filter calculates the output by using botispand present input values as
well as past output values. This means they argrse® and feed back on themselves.

The IIR filter uses the following formula to calei# the output:

y(n) = " b, x(n- k) + " a. y(n- j) Equation 3 - IR Filter
The benefit tokL:JOsing an lIR fiIJt:elr is that it casaulate the output using far fewer
terms and coefficients, which means it can be dmireg fewer resources and memory on
the FPGA. However, IIR filters do have some draviisadlainly, if there is any error
caused by rounding off, an IIR filter will contintie feed back the error. This can lead to
the problem of limit cycles, which are undesiredilbations caused by the output feeding
back on itself. These problems make using lIRlteut of the question.

Instead, we must use an FIR filter to filter owgral. The only issue with a FIR

filter is a startup transient over the first N-limgs, where N is the order of the filter. An
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FIR filter will be easier to implement on the FPQAut it will require a much higher
order filter in order to achieve similar result@éificients for a FIR filter can be used
using the MATLAB command = firl(n,Wn), where n is the order of the filter and Wn
is the cutoff frequency. Filtering the signal candimulated in MATLAB using the

commandy = filter(b,1,Dout), where Dout is the output of the converter.

3.2.2 Choosing a Specific Filter

Since we must implement the filter on the FPGA nuest weigh the
effectiveness of the filter between the ease aasilidity of implementing it on the
FPGA. A higher order filter will give us less higlequency noise and a better
reconstructed signal, but it will be harder to iempkent and may use more resources than
the FPGA has. Another issue is the quantizatiomsefor the filter coefficients and the
output signal. Using a lower number of bits will kedt easier to implement, but it will
round off a significant portion of the coefficientshigher order filters and make them
ineffective. Alternatively, using a higher numbébds will use more memory and be

more difficult to implement, but will make higherder filters effective.

3.2.3 16-Bit Quantization

First, filters with 16-bit quantization were anatgkand the SFDR (Spurious Free
Dynamic Range) was measured. The SFDR was calduigteneasuring the difference
(in decibels) between the fundamental frequencytaaedrequency of unwanted noise
with the highest magnitude in a frequency-domaat pf the filter output. See Figure 19
for an example — data points have been placededutidamental frequency and the

unwanted frequency with the greatest magnitude §fnaious.)
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Figure 19 - FFT of a 250th Order Filter with 16-bit Quantization
After obtaining the magnitude at these datappthts SFDR was calculated with
the following equation:

SFDR= - 20*log,,((Fundamenth) /(Spurioug) Equation 4 - Calculating SFDR

At first, increasing the filter order improved thier, but after a while the filters
stopped successfully attenuating high frequencgendt is worth noting, however, that
lower order filters had noise in the harmonic regamd at high frequencies, while higher
order filters were able to eliminate noise in tlaerhonic region. Below is a table of the

filter order and the measured Spurious Free Dynd&taige (SFDR.)

Filter Order SFDR

50 -45.52 dB
100 -48.66 dB
250 -68.48 dB
500 -61.01 dB
750 -59.56 dB
1000 -60.70 dB

Table 4 - SFDR at 16-bit Quantization
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Viewing the reconstructed signal through thegersl shows us a reconstructed
sine wave, but it still contains jagged edges atgbaks of the sine wave. See Figure 20

for an example of these jagged edges:

Figure 20 - Jagged Edges on 250th Order Filter
These jagged edges are unacceptable. We mustechddter which will not

produce these jagged edges. To do this, we mustase the coefficient length.

3.2.4 24-Bit Quantization

By increasing the quantization to 24 bits, we gahbetter filtering out of higher

order filters. Table 5 shows the SFDR when usindpi24uantization.

Filter Order SFDR
50 -45.52 dB
100 -48.66 dB
250 -72.03 dB
500 -114.42 dB
750 -92.04 dB
1000 -119.35dB

Table 5 - SFDR at 24-bit Quantization
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Using 24-bit quantization gives us suitable filtarsund the 50®order. Looking
at a 508" order filter closely shows that there are no jaegeges on the sine wave, as
well as no noise in the harmonic region. To settia final filter, we will analyze filter

orders around a 580rder filter.

3.2.5 Choosing the Exact Filter — 400 ™ order

Filters were analyzed by putting a 2kHz sine wante a - converter and
gradually increasing the filter order and obsentimg output in the time domain and
frequency domain. It was noted that there was atpanere jagged edges stopped
appearing in the filter — this was shortly befor¢0&" order filter.

Using a 408 order filter at 24 bits got rid of noise in thertmanic region as well
as removing a good deal of high frequency noisalyging the time-domain response
shows no jagged edges at the peaks, and its SFBRwasured at -111.7 dB. The next

page contains a time-domain plot and a frequencyeadio plot of the 408 order filter.

Figure 21 - Time Domain Plot of a 400th Order Filte at 24 Bits
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Figure 22 - Frequency Domain Plot of a 400th OrdeFilter at 24 Bits
3.2.6 Using other filter coefficients (Filter Wizar  d)
Later on in the project, we looked at using othigerf coefficients, obtained with
MATLAB's filter wizard, to see how they would perfo compared to the coefficients
we obtained earlier. Figure 23 contains an FFThefa0d" order filter with new

coefficients:
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Figure 23 - Frequency Domain Plot of 400th order fier with new coefficients
The new filter coefficients measure an SFDR of 1082 db. The filter also has
more harmonic noise than the original filter. Théker coefficients do not provide any
improvement over the coefficients generated withTMAB's firl command, so we

chose to use our original coefficients.

3.2.7 Conclusion

The 400" order filter at 24 bits manages to attenuate mpstanted noise. It is
sufficient for our needs, and it is not an extrgntegh order, so it should be feasible to
implement a 400 order filter on the FPGA. Different filter coeffants were considered,
but the best performance came from the coefficigaterated by MATLAB'Sirl

command, so those coefficients are what were usttei408 order filter on the FPGA.
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3.3 The FPGA

The FPGA will be acting as a filter for the digitalitput of the - converter on
the IC. It will also be supplying 1 MHz timing sigis to the PCB. This section describes

the FPGA we have chosen and how we are implantngarious functions.

3.3.1 Choosing the FPGA

The main job of the FPGA is to act as a filter.sTtnieans we need an FPGA that
is capable of performing basic signal processirt) @hough resources for a 4bérder
filter, that can easily interface to the PCB, aad supply clock signals of 1IMHz. It is
also preferable for the FPGA to be inexpensiveeasy to use.

Based on this, we chose to use the Spartan-3 @sRBA. The main reason
behind this choice is because we already own adbeiih the Spartan-3 on it and have a
basic knowledge of it because of former classes. partan-3 is also a widely used
FPGA in commercial applications, and is capablpesforming signal processing. Our
particular board is the Spartan-3 Starter Boarghkegh by Digilent. It contains a Spartan-
3 XCS200 FPGA with the following specificationst(reved from Spartan-3 Starter Kit
Board User Guide):

4,320 logic cell equivalents

Twelve 18K-bit block RAMs (216Kbits)
Twelve 18x18 hardware multipliers
Four digital Clock managers

Up to 173 user-defined I/O signals

The board includes three 40-pin expansion connetboated on the side of the

board, which make it easy to interface with the RDE easy to test. Based on this, along
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with the analysis of the Spartan-3’s specificatiand the convenience of using it, the

Spartan-3 should be very suitable for this project.

3.3.2 Timing Signals

The IC needs four timing signals supplied to ithy FPGA: 1, 1l1la, 2, and

2b. Each of these timing signals must be 1MHz eadhand 1a must be inverted

with respectto 2 and 2a, and 1la/ 2a must be 5-10ns ahead al/ 2. Finally, the
signals must ‘break before make’ — the falling sigmmust go down 15-20 ns before the
other signals go up. This means the duty cycl®ib%, but we are not concerned with

that. Figure 24 is a timing diagram of the foumsits.

Figure 24 - Timing Diagram of Signals

3.3.2.10riginal Design of Timing Block

A design was made on the FPGA that would prodoesd signals and output
them from the 40-pin connector in order to conreetFPGA to the PCB and supply
timing signals to the chip. The next page contaisshematic diagram for the timing
block. The VHDL modules falldelay and falldelay2tpa delay of one clock cycle in

between signals if the signal is rising, so theaig may ‘break before make’.
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Figure 25 — Original Design of Timing Block
This timing block was programmed on the FPGA aoodkied up to an
oscilloscope in order to verify the timing signal$ie timing signals were originally
measured to be 1MHz and were an accurate représentéthe timing diagram in
Figure 24 — therefore, this timing block will apprately provide the timing signals to

the FPGA.

3.3.2.2Problems with original design

The original design gave us problems when we toddtegrate it with the filter
on the FPGA (see the sectidmplementing the Filtéron page 42 for more details about
the filter.) Although we had verified that the éftwas working independently by hooking

it up to a Data Acquisition unit, we got a veryfdient waveform when we added the
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timing block to the design. We got various diffarezadouts from the DAQ — Figure 26

contains an example.

Figure 26 - DAQ reading after adding timing block
It was apparent that something in the timing bla@s causing the other parts of

the FPGA to behave incorrectly. To fix this, we egad the design of the filter.

3.3.2.3Final Design of the Timing block

The new design of the timing block used a 100 Mldzlg generated with the
Digital Clock Manager in Xilinx, to get the propéelay for our timing signals. It tied the

100 MHz clock to flip flops in order to get propielay. Figure 27 contains the final

design of the timing block.
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Figure 27 —Final design of Timing Block
The 100 MHz signals provide a 5-10ns delay. Tlelw design can cause the
delay between signals to be a little more thanrddsbut a few nanoseconds of extra
delay will not create any issues for the IC. Tdtdidelay, on the other hand, will
potentially be problematic for the IC. The next fescilloscope pictures show edges of
timing signals relative to one another, in ordeshow that they break before make and
are far enough apart from one another. All belostyses have a scale of 5

nanoseconds/division.
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Figure 28 — 1lais about 10ns ahead of 1

Figure 29 — 2 breaks about 20ns before la

Figure 30 - 2arises about 10ns before 2
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Figure 31 — 1 breaks about 23ns before 2a

3.4 Implementing the Filter

After deciding on an appropriate filter with MATIB\ it was time to implement it
on the FPGA. Two different filter designs were teelain Xilinx — one basic filter design
that would use a single filter block repeatedlyd another that would operate more

efficiently.

3.4.1 Basic Filter Design

The basic filter used a filter block that needesingle input Din. Din would be
connected to a flip-flop tied to a 1MHz clock arehsinto the VHDL module firmultiply.
The firmultiply module had inputs of Din and th&dt coefficient, B. It was designed to
either output the value of B or the two’s complein&B — since Din was only one bit
representing a 1 or -1 coming out of the output, firmultiply did not have to use an
actual multiplier. This was convenient, becauseetlage only twelve multipliers on the
FPGA. An adder then adds the output of firmultipiyh a running sum from the

previous filter and output the sum of the two.
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This filter block took inputs of Din, the sum fratime previous filter, a 1IMHz
clock, and the filter coefficient. It would outpDin delayed by one clock cycle and the
sum from the adder. Figure 32 is a schematic ofilfeeblock, and Figure 33 shows how

filter blocks can be cascaded together in ord@réaluce a 5th order filter.

Figure 32 - Filter Block

Figure 33 - Fifth Order Filter

The fifth order filter in Figure 33 was tested iflidXx, and its results were the
same as the MATLAB results for a fifth order filtéfter verifying that it was working
correctly, the filter was expanded and assigned emefficients, creating a 1@rder
filter with 16-bit resolution. This design was wedtwith the test bench waveform in
Xilinx and we verified that it was working corregtlit was later tested with the Data
Acquisition unit to verify that the 180order filter properly worked on the FPGA (see the

section ‘Initial Results’ on page 51 for more infation.)
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Unfortunately, this method was not feasible to fasénigher order filters on the
FPGA we had available. With the 00rder filter at 16 bits, almost half the resouroas
the FPGA are used. We wish to use a™16@ler filter at 24 bits, which means this

method will not be appropriate to use — a moreceHfit filter will have to be designed.

3.4.2 Efficient Filter Design

A higher order filter required a more efficient ggson the FPGA. Since the
current filter design was controlled by a clockrngiof 1IMHz and the FPGA used a
50MHz clock signal, a filter was designed that wbuse all 50 clock cycles in order to
filter the signal.

A new filter was designed for a 40@rder filter that stored the past values of the

- output in a 400-bit shift register, which woulght-shift the bits every time a new
bit came in at 1 MHz. Figure 34 shows a block daagof the first design of an efficient
400" order filter. This design was later modified irder to get a working filter — to see
the final filter design, see the section ‘OvervieinFinal Design of 400th Order Filter’ on

page 60.
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Figure 34 - Design of Efficient 400th order Filter

3.4.2.1Shift Register

The 408 order FIR filter operates by summing the last 4Qfputs from the -
and multiplying each one by a coefficient. This meae need somewhere to store the
last 400 inputs — to do this, we use a BQGhift register. The shift register would get it

input from the - on the biomedical IC, which operated at 1LMHz. Tégister itself was
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tied to a 1MHz clock, and on each rising edge,atild shift all the inputs to the right and
put the most recent value in the most significantThe 400-bit shift register then

outputs all 400 past inputs of the output in 50-bit blocks to 8 multiplication blocks

3.4.2.2Coefficient Lookup Tables

To provide the coefficients for each element offilier, we used 8 lookup tables,
each containing 50 coefficients each. Each lookipetwas connected to a counter,
which counted from O to 49 and reset at 50. Thenmyuwvould cause the block
containing the lookup table to select a specifiefioient. These specific coefficients

would go to the multiplication blocks.

3.4.2.3Multiplication Blocks

The 400-bit output from the shift register wastgb into 50-bit blocks, which
went to 8 multiplication blocks. Each 50-bit bloskuld go to a multiplexer, which was
connected to the same counter used to choose ¢fffiec@nt. This would cause each
coefficient to be properly paired with its corresgdng past input.

Since the input was only one bit, which was ineghtb represent a sigma delta
output of 1 if the bit was 1 and a -1 if the bitsa@ the multiplication portion simply
provided the value of the coefficient if the bitsva 1, and the two’s complement of the

coefficient if the bit was 0.

3.4.2.4Adder Block

The products of the 8 multiplication blocks areaalded together in an adding
block, which also adds a ‘running total’. The adgbiock then outputs to a sum

processing module. If the reset (controlled bydbenter) has not gone high yet, it will
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pass the sum back as a running total on the nesk cycle. As soon as the reset goes
high, it sets the running total to zero and setsstim as the output. This means that the
output contains the400 terms of a past input value multiplied by its corresponding
coefficient, and the FPGA is able to simulate the fiter equation in Equation 2.

With the new efficient design, the 4b6rder filter at 24 bits only takes up about
25% of the resources on the FPGA. This meansithregcessary, a higher order filter is
very feasible. It also leaves plenty of space theodesigns that must also go on the

FPGA, such as the timing block.

3.4.3 Test mode

After completing the filter, we need to be ablddst it. To do this, a lookup table
was created that stores the values for one period of a 2kHz sine wave (500@am
overall.) These values were generated by runniaegitmulation of a - filter in
MATLAB. The lookup table was connected to a coulitdvcked at 1MHz) which
counted from 0 to 499, then reset back to zer®@t he counter makes the lookup table
output the Sigma-Delta representation of a contisugine wave, giving us some
generated data we can test our filter with. A slvita the FPGA was set to select
whether or not the FPGA would operate in test madéit would take in data from the
biomedical IC.

The generated data was hooked up to th& 4dder filter we designed, and the
24-bit filter output was mapped to different pinstbe 40-pin connector. This design was

then programmed on the FPGA.
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3.4.3.1Reset
A button on the FPGA was set to act as a resahéosystem. The reset button

was tied to the counter of the efficient filter g@gsand to the clock conversion block that
generated the 1MHz signal from the original 50Mkgmal on the FPGA. This reset was
later modified to help synchronize the clock (demgection on ‘Synchronizing the
Clock.)
3.4.4 Data Acquisition

After the FPGA filter was designed in Xilinx, itag hooked up to a Data
Acquisition unit (DAQ) in order to analyze the datd_abview. In order to ensure proper
timing, the FPGA had the 1MHz clock signal tiedatpin on the DAQ, which labview
used as an external clock. The system was destgnaatput the 24-bit digital signal of
the filtered - data from a 40-pin connecter on the FPGA to th&)DRabview would
read the data to a file, and MATLAB would then re¢hd file and interpret the data. See

Appendix J — DAQ Pin Assignment for a complete disthe DAQ pin assignments.

Figure 35 — Photo of DAQ configured to receive data
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Figure 36- Labview Configuration for 32-bit DAQ input

3.4.4.116-bit Data Acquisition

The DAQ was first configured for 16-bit Data Acgion — in this mode, the
most significant 16 bits were tied to the DAQ, dmadbview was configured to read in a
16 bit digital signal. The port list was set t01Q,

Using 16-bit data acquisition with the 24-bit si¢geoming out of the 4G0order
filter caused the least significant 8 bits to beaffi This causes frequency domain
graphs to have activity in the low-frequency regias can be seen in Figure 37. Also,
cutting off the last 8 bits also caused the SFDBadower than it would be in 32-bit

mode.
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Figure 37 - FFT of DAQ Reading of 400th order filte in 16-bit mode

3.4.4.232-bit Data Acquisition

In order to get a complete view of how the filkesrked, we configured the DAQ
and Labview to operate in 32-bit mode. The sigoahing from the FPGA was only 24-
bits, but we were able to get it to work in 324bibde by tying the most significant bit to

the top 8 bits on the DAQ. In 32-bit mode, the pisttin Labview was set to “0,1,2,3".

Figure 38 - MATLAB plot of 32-bit DAQ reading
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3.4.5 Initial Results

After designing the filter on the FPGA and settiqgthe DAQ to read the data,
we were ready to test the filter by setting the RRGtest mode and reading from the

DAQ.

3.4.5.1Initial Results of 100" Order Filter

First, the 100 order filter was tested. It had a simpler desigd had already
been tested in Xilinx, so running the data throitgtould be a test of if the FPGA to
DAQ interface was working properly.

The first results of the FPGA to DAQ filter can $&en below, in Figure 39. The
signal resembled the 2kHz sine wave, but there wgifes in the wave. Looking closely

at the spikes, they seem to appear in the sameajemeas.

Figure 39 — Initial Output of 100th Order Filter
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3.4.5.2Grounding the Filter

In order to fix the spikes in the wave, a grourmgphal from the FPGA was tied to
all the GND and RGND pins on the DAQ. A ground sigwas also tied to the pin right
next to the clock signal from the FPGA to the DAQorder to ensure that the clock had

good signal integrity.

3.4.5.3Final Results of the 108 Order Filter

After adding a common ground to the DAQ, the sigves measured again. This
time, the data recorded was the expected 2kHz waeitte no spikes in it. The DAQ
readings were compared with the expected output MATLAB, and they matched up
perfectly. By grounding the filter, we were ableget a perfectly working version of the

100" order filter. Figure 40 contains a plot of the DA€ading from the 180order filter.

Figure 40 - DAQ reading of 100th Order Filter
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3.4.5.4Initial Results of 400" Order Filter

The first results of the 48order filter were very noisy and barely resemttes
2kHz sine wave. While the wave is still visibleeth is a great amount of noise, and the
filter has many problems that need to be addre$sgdre 41contains a plot of the initial

results of the 400 order filter.

Figure 41 - Initial DAQ Reading of 400th Order Filter

3.4.6 Fixing the Issues

The 408' order filter obviously has a lot of problems thatd to be addressed in
order to fix it. One main problem of the origindl@f' order filter was the timing. Many
of the components were not optimized for timings@lthe adderblock, which required
the FPGA to add 9 different numbers and keep aingriotal, took a considerable
amount of time and created considerable timingasstlihe synthesis report of the FPGA
reported the timing to have a maximum frequencghafut 33 MHz. Since the filter

design needed to add values at a rate of 50 Midzjrting needed to be improved.
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3.4.6.1Adder Tree

A good deal of different designs were tried tothie timing issues of the adder
block, but one that worked best was the adder Tree.adder tree, which was suggested
by Professor Huang, performed the same functidgheadder block, but did so in a
different manner. VHDL code for the adder tree barfound in Appendix F-g, and
VHDL code for the original adder block can be found\ppendix F-f. Instead of adding
9 values together all at once, it would do thedi@ihg each clock cycle (with AO-A7
being the 8 values coming from the multiplicatidadks.)

SUM = Al15 + SUM

Al5=A13 + Al4

Al3=A8 + A9
Al4 = Al10 + A1l
A8 =A0+Al

A9 =A2 + A3
Al0=A4 + A5
All = A6 + A7

This approach was much easier on the timing beci#ukd not have a total being
passed back in order to keep a running total -eauktit used the variable SUM. Since the
sum was computed before anything else, there wegetiming issues than with the
original adder block.

This new approach meant that new values loadedAftA7 would be added to
the sum 4 cycles later. When the 1MHz clock risesew value is loaded into the filter
and the counter resets to 0. Since the sum is cmdpucycles later, when the counter is

equal to 3, the adder tree set the current val8UM to the 24-bit output of the adder
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tree (and the 24-bit output of the filter), theh S&IM to be equal to A15, effectively
resetting the sum.

This adder tree effectively does the same thintp@asdder block — adds all 400
past values of the- output multiplied by their coefficients every 1 MHand assigns
the total to the output. The timing on the addee is much better than the adder block,

and the filter’s timing after implementing the adttee comes up just shy of 50MHz.

3.4.6.20ptimizing Other Components

Other components of the filter were tweaked witlo@timized in order to give
better timing. Unnecessary code was taken outeofrthltiplication blocks and the
lookup tables were all combined into one block, thetbiggest fix was changing the
counter. It was changed from the 8-bit countehmXilinx library to a counter created
with VHDL. The VHDL counter used a lot fewer resoes and required less calculation,
so changing it gave a vast improvement to the gmifter optimizing all the
components, the synthesis tool in Xilinx returnedaximum frequency of about 67.935
MHz — a comfortable margin above the necessary 50MH

The final VHDL code for the multiplexer part ofetlmultiplication block can be
found in Appendix F-d. Code for the multiplicatipart of the block can be found in
appendix F-e, and final code for the counter cafobad in Appendix F-b.

After the timing issues were fixed, the filter wasted with the DAQ again.
Figure 42contains a MATLAB plot of the DAQ reading. The wagemuch cleaner than
the earlier plot, but there is still obviously & &d noise, and there is a spike in the data.
Looking closely at the data, one can see that ¢ieerand spikes appear in the same

places on the wave, so it can assumed that the st randomly occurring.

55



Figure 42 - DAQ Reading of 400th Order Filter afterfixing timing issues

3.4.6.3Synchronizing the Clock

While the timing issues had been resolved, theevaiMl had noise in it, and
needed to be fixed. The problem with the filter weet the counter and the 1MHz clock
were not in sync with each other. This meant thatfilter was not adding all 400
coefficients, since the 1MHz clock would cause & ralue to come in and shift the
values in the shift register before the counteched 50.

In order to fix this, a VHDL module called ‘clockync’ was written to
synchronize the clock and the counter. It woulattenected to a 1MHz clock and output

a signal ‘start’ to the counter. The counter woudd count unless the signal ‘start’ was 1.

3.4.6.3.1Reset

The reset button was incorporated into the clogic $unction to make sure that

the counter and the 1MHz clock would be in syneratte filter had been reset. It simply
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set the start bit to 0 again, meaning the stamvbitld go high at the next rising edge of
Clk_1MHz. VHDL code for the clock_sync function che found in appendix F-c.
After incorporating the clock_sync function, thiéeir finally gave us a clear view

of the 2kHz wave.

Figure 43 - DAQ Reading after adding clock_sync
However, when looking very closely at the filtedacomparing it to the expected
data in MATLAB (Figure 44), there are a few probkenihe two plots do not line up

perfectly, and the DAQ reading has some jaggedsetlige are not accounted for.

Figure 44 - DAQ Reading compared to MATLAB simulaton
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In addition to this, looking at a frequency-domplat shows that the DAQ
reading has a little more high frequency noise tha&MATLAB simulation (Figure 4%

The SFDR of the DAQ was measured to be -87.5, whédeexpected SFDR is -107.65.

Figure 45 - FFT of DAQ Reading compared to MATLAB smulation
The DAQ reading does not match up perfectly wita MATLAB simulation, so

there are still problems with the filter design.

3.4.6.4Shift Register

Each component of the filter was tested sevearadi New filter coefficients
were tested, and the DAQ was set to 32-bit modedk at the discrepancies more
closely. It was found that the DAQ reading alwaiffeded from the MATLAB
simulation by the same value.

Eventually, it was determined that it was the staffister was not working
properly. The code for the shift register was miedif(final code for the shift register can
be found in Appendix F-a) and the filter was testade more. This time, the DAQ

reading from the filter was exactly the same asMiAd LAB simulation. Figure 46 and
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Figure 47 show plots of the DAQ reading superimgaseer the MATLAB simulation in

32-bit mode.

Figure 46 - DAQ Reading superimposed over MATLAB snulation after fixing shift register

Figure 47 - Frequency Domain Plot of DAQ Reading ar MATLAB Simulation in 32-bit mode
The plots line up perfectly. The values of the DAgading were then compared
to the MATLAB simulation, and they were all fourmtie equal. The final SFDR in 32-

bit mode was calculated to be -111.7. The filtes Waally working as intended.
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3.4.7 Overview of Final Design of 400 ™ Order Filter

The final design of the 480order filter made some modifications from the
original design. Figure 48 (on page 62) shows albthagram of the final design of the
filter. The Xilinx schematic of the 480order filter can be found in Appendix G.

Although the code was changed, the shift regisferistion is still the same as it
was intended to be in the original filter desigrhalds the last 400 values of the
output and outputs the 400-bit signal to 8 multiglion blocks. VHDL code for the shift
register can be found in appendix F-a.

The counter counts from 0 to 49 using the 50 MHzk| and resets at 50. The
value of the counter is used to control other meslut the circuit, such as the lookup
tables and the adder tree. The counter modulecalsots from 49-0 in order to control
other modules in the filter (such as the multiphgxblock), and it is tied to the
‘clock_sync’ module, which controls when it stansorder to ensure that the counter is
synchronized with the 1MHz clock which adds new values to the shift register.
VHDL code for the counter can be found in appergix, and VHDL code for the
clock_sync module can be found in appendix F-c.

The 8 lookup tables are now all stored in one VHD&dule, but their behavior is
also the same. Since the last 200 coefficientaan@ror of the first 400 coefficients, the
module stores 4 lookup tables of 50. For the @ coefficients, it uses the counter
output that counts from 0-49. For the last 200 ftoehts, it uses the counter output that
counts from 49-0. These lookup tables send filtafficients to their corresponding

values in the multiplication blocks.
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The multiplication blocks contain a multiplexer, isth uses the 49-0 counter, to
select the - value from the 50-bit signal coming from the shégister. It then uses a
multiplication module that multiplies that value by its corresponding coefficient.
VHDL code for the 50-bit multiplexer can be foumdappendix F-d, and code for the
multiplication module can be found in appendix F-e.

The adder tree, which was the biggest change fhenotiginal design, is
responsible for adding the values from the 8 mlidigion blocks and keeping a running
sum in order to calculate the sum of all 400 teimthie 408 order filter. Once it has
calculated all 400 terms in the running sum, is $bat value as the output of the filter,

which becomes the 24-bit output of the FPGA.
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Figure 48 - Block Diagram of the final design of fter
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3.4.7.10verall FPGA system
The overall system on the FPGA combines thé"4fi@ler filter, the timing block,

a 50MHz to 1MHz clock converter, and the test madgch can be selected by a switch
on the FPGA. The 480order filter maps the inputs and outputs on th&&Rvith a

UCF file, which can be found in Appendix I. Figut® - Overall FPGA System with
400th Order FilterFigure 49 contains the schenwtitie overall system for the 480

order filter.

Figure 49 - Overall FPGA System with 400th Order Hier
3.4.8 Results of Final Design
The final design of the filter was able to corhgfilter - test data through a
400" order FIR filter in order to reconstruct the sifine filter was tested by
programming a test mode on the FPGA and readin{jitees output on a DAQ. The
DAQ reading of the test data going through thefithatched up perfectly with the data

simulated in MATLAB.
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4 Integrated System

After the separate digital and analog systemsbesesh completed, we put the
systems together. During testing, the previouslgeni&’s appeared to have been
destroyed from electrostatic discharge, so in otd@roduce a working prototype, we
decided to recreate the system using discrete coemt® and transfer that to a PCB. In
order to do this, we built the Sigma Delta cirand connected it to the preamp and the

FPGA.

4.1 Standalone Sigma Delta Circuit

The design for the Sigma Delta circuit was orifintaken from the MQP done in
2005 on Biomedical IC Design, advised by ProfessoNeill and Professor Clancy.
Their design is that of a second order circuit. It was only slightly modified to fit our
design — the main change was that, since theneeded to be synchronized with the
filtering software on the FPGA, it needed to getliMHz signal for the quantizing
portion from the FPGA instead of getting it fronergstal clock oscillator.

Figure 50 contains the schematic we used for mdslone second order
circuit. It used a LF347N Quad Operational Amphsi¢or the two op-amps acting as
integrators, an LM311N for the comparator, and side of a 74HC74 flip flop as the 1-

bit quantizer.
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Figure 50 — Schematic for Standalone Sigma Delta €uit

4.1.1 Testing

After putting the circuit together on a breadbo@dample wave was sent
through the circuit at Vin. Dout was hooked upfte input of the FPGA for filtering, and
the results were read in Labview. Figure 51 comstaiMATLAB plot of the FPGA'’s

results for 1kHz signal with an amplitude of -1#bV going in at Vin.
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Figure 51 - 1kHz Sine Wave going through 2nd OrdeBigma Delta Circuit
The 1kHz wave was read very well, showing thatXferder - ADC was
working as intended. This was a very good sign,sance the previous MQP had spent
their time analyzing the- ADC, we did not perform continued testing of the

standalone - .

4.2 Complete System

The complete system consisted of the preamp coehéa the - circuit, which
connected to the FPGA. The FPGA output its 24-igital interpretation of the -

output to a DAQ, which was read by the PC in Lalwie
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Figure 52 - Complete System on Breadboard
The preamp was constructed on a breadboard asandlif was then hooked up
to the Sigma Delta Circuit. To interact with theamp, the - design was modified
slightly. Vin now came from the output of the prgarand instead of looping back to the
input, the feedback voltagerynow output to the feedback portion of the preafigure
53 contains the final design of the Sigma Deltaudtr In addition to this, the 10k
resistor at Vin and the 10kresistor coming out of the second integrator whgigewas

were removed.
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Figure 53 - Final Design of Sigma Delta Circuit
We had some trouble getting the systems to wagktteer at first, but we were
eventually able to get the complete system workmmpletely without the feedback.
However, the system still worked completely fineadgst order sigma delta, so the lack

of feedback was not a major concern.

4.2.1 DC Bias Testing

First, the system was tested by inputting diffe2€ Bias voltage at the input of
the preamp. The DAQ then read the output of theABQhese DC Bias voltages, and
the mean of the digital output was recorded anttgdo Figure 54 shows a closeup of

points close to the OmV point.
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Figure 54 - DC Bias Point Measurement

For the most part, these points had a fairly lirs@pe — however, there was a
large amount of deviation at the OmV bias point #redpoints where the digital output
was close to zero (from 2-4mV). For the most pae,standard deviation ranged from
1500 to 2000, but near those points the standartiten jumped up to 6000-8000. That
is why there is a small lump in the plot at aboud3 A plot of the residuals (Figure 55)

shows how far the numbers deviate from their linedmes.
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Figure 55 - Residual Plot

This graph gives us an accurate depiction ofitleal nature of the relationship
between our preamp input and the mean digital awipen Vin is in the appropriate
range. Its measured slope is 19615/mV, which m#atdor every 1mV, the value of the
digital output will increase by 19615. Also, then¥/ bias point occurred at about -45000.
When the input to the system gets too high, théi24igned integer output of the digital
filter overflows and will jump to the other endfthe system output continues to
increase, the sigma delta output will flatline anel ADC will not function correctly. The
system was tested to work up to £300mV, althoudjbviang the linear slope created by
the DC bias point measurement tells us that theesys limits are just above +400mV.

These limits well exceed our expected inputs oélactrical signals.

4.2.2 Frequency Response Testing

After taking DC Bias measurements of the systempmweasured the frequency

response of the system by putting sine waves &dreifit frequencies through the system
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and measuring values such as their RMS value anch#dgnitude of the fundamental

frequency after taking an FFT of the signal. Figbseshows a Bode plot of the frequency

response.

Figure 56 — Bode Plot of Frequency Response

The bode plot shows us that the 3dB frequencyosral 2kHz, however our filter
was programmed to set the 3dB cutoff frequencykBiz5 This discrepancy could be
caused by the sigma delta ADC not being able toexdrigher frequencies as well as
lower frequencies — in order to get a better fregyeesponse, we would have to set the
sigma delta to have a higher sample rate and tiB&ARFould need to be programmed to
filter the data faster than it currently is — retjass, this is not necessary because 2kHz is
the highest frequency we will need to be processing it is just barely within the

bandwidth of the system.
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At low frequencies, the preamp caused a lot ofloaics to enter the system
which could not be filtered out by the high pa#&fj so these waves had some jagged
edges at their peaks and troughs. At high freqesnsuch as 10kHz, the output was very

noisy because the filter had caused the fundamé&etalency to be greatly attenuated.

4.2.3 Electrophysiological Test

Finally, electrodes were connected to the inpbith® preamp, as well as ground,
and hooked up to a member of our team to testysters with some real physiological
signals. We used the system as an electrocardio@&K®) and attempted to measure a

heartbeat. Figure 57 shows the resulting waveform.

Figure 57 - EKG Reading using complete system
We can see a heartbeat very clearly from the @wtpour system, riding on a

slightly noisy bias point of about 15mV (accordioghe DC Bias measurements done
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earlier.) The frequency of the heartbeat is abOubéats per minute, which is fairly
standard for a heartbeat of a person at rest.iffeedomain plot also shows other waves
and noise, possibly brought on by other electrojaihygical signals.

Figure 58 contains the frequency domain plot efEKG Reading. While there
are no large spikes representing the heartbeag itha high magnitude of low-frequency
points around .75 Hz. There are also some low-&aqy spikes, and a noticeable spike

at 60 Hz, representing the common-mode signal picieby our system.

Figure 58 - Frequency Domain Plot of EKG Reading

4.3 PCB System

After getting a working system, measuring the D@s3nd Frequency Response,
and verifying its functionality by testing it on mglves, we created a printed circuit

board for the system. The design for the sigmaad®itd preamp were moved to a single
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PCB, designed in Ultiboard. The PCB was designembtmect to the FPGA via a 40-pin
connector, which would connect to ground, +5V (hilce PCB would use for power),
the sigma delta output, and the 1IMHz clock. The R@RBId also take a signal of +15
and -15V from a power supply and have three sodkethe electrodes to connect to.
Figure 59 contains the Ultiboard schematic of aire system on a PCB, and

Figure 60 shows a photograph of the PCB.

Figure 59 - Ultiboard Schematic of System on PCB
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Figure 60 - Photograph of PCB
4.3.1 PCB Test Results

After the PCB was developed, the chips were sotbgrelace. After some
troubleshooting, we were able to get the PCB tdkveorrectly. It was once again tested
with a sine wave from the function generator, thvth electrodes hooked up in order to
get an EKG signal.

Figure 61 shows the plot of a sine wave put thraihghsystem, and Figure 62
shows the frequency response of the entire systemamplitude has been adjusted to
show the output in mV, although there is a sligifdgei. This offset is a result of the fact
that we did not hook up the feedback portion of 8igma Delta circuit. These plots
demonstrate that the PCB system we constructedriking successfully and functions

the same way as our breadboard model.
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Figure 61 - 1 kHz Sine Wave through PCB System

Figure 62 - FFT of 1 kHz Sine Wave through PCB Sysin

4.4 Conclusion

The PCB is now a functional version of the preamg Sigma Delta circuit. This

means that it is a functional version of the IC efihive were originally using to evaluate
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this MQP. We are able to hook it up to the funatigrdigital filter on the FPGA and
produce a digital signal. We also demonstratedttietievice was capable of
electrophysiological monitoring by using our own Glsignals and reading them through

the circuit and filter.
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5 Conclusion

Although this project started out as evaluatingftirectionality of the biomedical IC,
it ran into some trouble when we found that thesIBuilt by the previous MQP had
possibly been broken by electrostatic dischargddjEBowever, this project was still a
success, because our group was able to succedstfilltya working version of a system
which can read electrophysiological signals by gsire sigma delta design created in the
previous MQP. The IC’s functions were recreatedbyding the system using discrete
components, first by getting a working version dreadboard and then by putting that
design on a PCB.

One step in accomplished this was creating theograjstem, made up of the
Differential Difference Amplifier (DDA) preamp artie PCB housing for the IC.
Although we did not use the housing for the IC,distuse the design for the DDA
preamp to read the electrophysiological signalsunfinal system design.

Another step was creating the digital system. Tigagad system mainly consisted of
the Spartan-1ll FPGA. The main function of the FP®as to filter the high-frequency
sigma delta signal coming out of the analog systema smooth digital output. The
digital system did this by using a 406rder filter on the FPGA to output a 24-bit digjita
signal, and it was able to perform this functiomeaal time. The FPGA output this signal
to a Data Acquisition Unit, which output the dataatPC in order to read the 24-bit
signal using Labview and MATLAB. Another featuretbé FPGA was to output four
timing signals to the IC, but these signals no @mnmgattered when we switched from

using the IC to using discrete components.
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The digital system was thoroughly tested beforel@mgntation — first, filter
constraints were designed in MATLAB. After thatethiter was implemented on the
FPGA. Once a working filter was designed, it wastdd using a test mode programmed
on the FPGA. By testing it beforehand, it was fa@ésy to integrate the digital system
with the analog system.

Because we had already created most of the systdénth& intent of putting it
around the IC, it was not difficult to change oesins to be used with the component-
level design of the sigma-delta circuit. The inttgd system came together fairly well
with one exception — the feedback from the secatefrator in the sigma delta did not
work as intended. However, this was not a significaetback, as the system was
completely functional as a first order sigma dédlthe feedback was removed.

After building the integrated system, the outpuswaserved at different DC levels
in order to find the system’s behavior. We founattihe DC offset of the digital output
was approximately -45325, and the slope was ab@&t3/mV. This allowed us to
convert the digital output to a voltage scale. A@response was also taken, and while it
was found that the 3dB frequency was lower thagnidéd by the filter design, the
system’s bandwidth was sufficient for the intendfedjuency range from the different
electrophysiological signals.

After getting the system’s AC and DC response sifstem was tested as an
electrophysiological monitoring device, the systeas tested as an electrocardiogram
(EKG) by hooking up electrodes to ourselves andasefully recording a heartbeat. The

test was successful, and we were able to verifyitheould be able to act as an EKG
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monitoring device. We were not able to test othecteophysiological signals such as an
EEG or EMG, but the system may be able to monitose¢ as well.

Once the integrated system was working on a breadbdesigns for a PCB were
made and a PCB was manufactured. After some trslibtging, the PCB was working
successfully and it was verified that it performied same functions as the breadboarded
model.

In conclusion, this MQP was a success in that weable to make a compact
system for monitoring electrophysiological signdlbat system consists of the PCB with
the preamp and sigma delta converter and the FRM@iEh filters the output and sends a
24-bit digital output to a DAQ. Although we weretrable to evaluate the IC because of
issues with electrostatic discharge to the IC, wlevarify that the sigma delta circuit that
the IC was built off of was fully functional. Wesal created an analog and digital system
that is fully capable of being used to evaluate i&iyg that may be produced at a future
date.

The next section of the report goes over futurekvamrd recommendations for the
continued development of this project in orderrate a fully functioning portable

device capable of reading electrophysiological gigin
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6 Future Work and Recommendations

This project has been able to successfully cradi@sic working internal system
of the electrophysiological monitoring device. Gystem can successfully read
biomedical signals, give them proper amplificatibrough the preamp, and get a digital
signal by putting the signal through a Sigma-DAIEC and getting the 24-bit digital
output in real time from the FPGA. However, thisteyn is still far off from the final
plans of a working system. This section detailsrtbet steps which can be taken in order

to reach the goal of a small portable electropHggioal monitoring system.

6.1 Digital Readout

Currently, the system outputs a 24-bit digitahsilg However, this signal is
currently read by a Data Acquisition Unit into Ladéw, then analyzed in MATLAB. If
we are looking for a portable system, we needéatera unit which will read the 24-bit
digital output and be able to put this data onraest. Ideally, this system could analyze
the 24-bit output and be able to do frequency amslyf the signal in real-time. This may
require an embedded computer system with a memdgfgrito store the data and output
it to the screen. This would allow for better eteptysiological monitoring and more

features in the unit.

6.2 Increased functionality

Our current system is functional and has beeedes$ an Electrocardiogram,
monitoring a heartbeat. However, the system isoee to be designed to be able to
monitor a full range of biomedical signals, suctsigmals for brain monitoring (EEG)

and skeletal muscle monitoring (EMG). Further tegtind design could be done to
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attempt to monitor these signals and, if needemyrporate functionality for monitoring

these signals into the system.

6.3 User Interface

After getting the entire system with a digitaldeat functioning, a user interface
would need to be programmed into the device. Thisldvinclude fairly basic functions
that would allow the user to interact with the thjreadout and obtain different
information about the signals being monitored, sa€lhe frequency response. Most of
the user interface could be incorporated withingh#edded system used to handle the

digital readout.

6.4 Smaller Size

The ultimate goal of the system is to be portaild small. Although this project
started out as evaluating the working of the IC wese eventually forced to build the
system with discrete components and move the systeniPCB.

To get a small size system, we propose that thermsyis once again put on an IC,
although we would include the preamp in these assighe IC would connect to an
FPGA, which would no longer be on the large Spaltlastarter board we used for this
project, but placed on a small board along withi@eThe goal is a single board which
houses the IC (possibly with preamp capabilitidsy, FPGA, and some circuitry

(possibly an embedded system) for digital readout.

6.5 Battery Powered

Since the system must be portable, the systemdataéd to be reworked so that

it would be battery powered. The power to the systeould have to be reworked and
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power analysis would need to be done in order thensarre that the batteries would last a

long time, but this should not be difficult.

6.6 Proposed System Overview

The proposed system would all fit in one unit, vihweould feature a digital
display. The proposed unit would be small enougbetéightweight and portable, and it
would need to be configured to be battery powetatte the system is completed, casing
would be designed to house the board, batteriesthenscreen. The casing would also
house buttons, switches, and/or knobs to act agminterface. If this system were to be
completed and mass-marketed, the FPGA could bageglwith an Application-Specific

Integrated Circuit (ASIC).
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Appendix A — MATLAB code for Sigma Delta Simulator

This section contains the MATLAB code used to seella first order- system.

n = 1:1:20000;
Vin = .5*sin(.002*n*2*pi);
Vdac = 1;

Vint(1) = 0;

Dout(1) = 0;

for k= 2:length(n)
if Vint(k-1) <0
Dout(k-1) = -1;

else
Dout(k-1) = 1;
end
Vint(k) = Vint(k-1) - Vdac*Dout(k-1) + Vin(k);
end
if Vint(length(n)) <0
Dout(length(n)) = -1;
else
Dout(length(n)) = 1;
end

plot(n, Dout, n, .5*sin(.002*n*2*pi))



Appendix B — MATLAB code for nth order filter

This section contains the sigma delta code forrmbbe order filter.

L = 400;
Wn = .005;
B = firl(L-1,Wn); %Creates B(k) coefficients for a filter
%at cutoff frequency Wn
B_ = round(B*10"7); %rounds to fit specific bit range (24 bit)

y = filter(B_,1,Dout)/10"7;

plot(y);
f = 1€6/18000:1e6/18000:1€6;

loglog(f,abs(fft(y(2001:20000)))+1e-9); %Creates frequency-domian plot

86



Appendix C — Coefficients for 100

" Order Filter

This section contains the coefficients used for10@" order filter

13702
13919
14456
15314
16493
17994
19812
21945
24386
27129
30166
33485
37078
40930
45028
49357
53902
58644
63566
68649
73872
79215
84657
90175

95748

101352
106964
112561
118121
123619
129033
134340
139517
144543
149397
154057
158503
162718
166682
170379
173793
176908
179713
182194
184341
186144
187597
188691

189424
189791
189791
189424
188691
187597
186144
184341
182194
179713
176908
173793
170379
166682
162718
158503
154057
149397
144543
139517
134340
129033
123619
118121

112561
106964
101352
95748
90175
84657
79215
73872
68649
63566
58644
53902
49357
45028
40930
37078
33485
30166
27129
24386
21945
19812
17994
16493

15314
14456
13919
13702

87



Appendix D — Coefficients for 400 " Order Filter

12 2366 12025 30822 50782 59300 50374 30286 1166244 2

36 2494 12397 31358 51182 59289 49959 29752 1130126 2
60 2627 12774 31895 51574 59265 49537 29219 1095m2 2
85 2764 13158 32433 51959 59230 49108 28688 106(803 1

110 2907 13548 32972 52335 59184 48672 28158 10269

136 3055 13944 33510 52703 59126 48229 27631 9935699 1
163 3208 14346 34049 53063 59056 47781 27106 960603 1
191 3367 14754 34587 53414 58975 47326 26583 9286111
220 3531 15167 35125 53756 58882 46865 26063 89724231
249 3700 15587 35662 54089 58778 46398 25545 8666339 1
280 3876 16012 36198 54414 58663 45926 25030 836258 1
313 4057 16443 36733 54729 58536 45449 24519 8072821
346 4244 16880 37267 55034 58398 44966 24011 778408 1
382 4437 17321 37800 55330 58249 44479 23506 750438 1
419 4635 17769 38330 55616 58088 43987 23004 723072
458 4840 18221 38859 55893 57917 43490 22507 69628
498 5051 18678 39385 56159 57735 42989 22013 670M48
541 5268 19141 39909 56415 57541 42485 21523 644@®0
586 5491 19608 40431 56662 57337 41976 21038 61985
633 5720 20080 40949 56897 57123 41464 20557 595@83
683 5956 20557 41464 57123 56897 40949 20080 5723
735 6198 21038 41976 57337 56662 40431 19608 549186
790 6446 21523 42485 57541 56415 39909 19141 526811
848 6701 22013 42989 57735 56159 39385 18678 505198
908 6962 22507 43490 57917 55893 38859 18221 484(8
972 7230 23004 43987 58088 55616 38330 17769 46339
1038 7504 23506 44479 58249 55330 37800 17321 44382
1108 7785 24011 44966 58398 55034 37267 16880 424346
1182 8072 24519 45449 58536 54729 36733 16443 405713
1258 8365 25030 45926 58663 54414 36198 16012 387480
1339 8666 25545 46398 58778 54089 35662 15587 37049
1423 8972 26063 46865 58882 53756 35125 15167 353120
1511 9286 26583 47326 58975 53414 34587 14754 33dR1
1603 9606 27106 47781 59056 53063 34049 14346 32053
1699 9932 27631 48229 59126 52703 33510 13944 305B36
1799 10265 28158 48672 59184 52335 32972 13548 290710
1903 10604 28688 49108 59230 51959 32433 13158 27@b

2012 10950 29219 49537 59265 51574 31895 12774 26860

2126 11302 29752 49959 59289 51182 31358 12397 243FBb

2244 11661 30286 50374 59300 50782 30822 12025 236&

A AT OOTOOONNOOOCO©
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Appendix E — VHDL code for clock conversion module
This appendix contains VHDL code for the 50MHz MHz clock converter.

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

use IEEE.STD_LOGIC_ARITH.ALL;

use IEEE.STD_LOGIC_UNSIGNED.ALL;

-- Uncomment the following lines to use the deafimns that are
-- provided for instantiating Xilinx primitive coponents.
--library UNISIM;

--use UNISIM.VComponents.all;

-- This file steps down the timing clock on the F®i@ order to supply a
-- 1MHz signal. The clock originally on the boardhs at 50 MHz.
entity clock is
Port (Clk_In : in std_logic;
Reset : in std_logic;
Clk_1MHz,Clk_10KHz : out std_logic
)i

end clock;

architecture Behavioral of clock is
signal tmp_clk_1MHz : std_logic:='0";
signal tmp_clk_10KHz : std_logic:="0";

begin
Clk_1MHz <=tmp_clk_1MHz;
Clk_10KHz <=tmp_clk_10KHz;

Process(Reset,Clk_In)
variable counter_1MHz:integer range 0 TO 25;
variable counter_10KHz: integer range 0 TO 2_500;

begin
if Reset = '1' then
counter_1MHz := 0;
counter_10KHz :=0;
elsif Clk_In'event and Clk_in ='1"' then
counter_1MHz := counter_1MHz + 1;
counter_10KHz := counter_10KHz + 1,
if counter_1MHz = 25 then
tmp_clk_1MHz <= not tmp_clk_1MHz;
counter_1MHz := 0;
end if;
if counter_10KHz =2 500 then
tmp_clk_10KHz <= not tmp_clk_10KHz;
counter_10KHz :=0;
end if;
end if;

end process;
end Behavioral,
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Appendix F — VHDL code for 400 ™ order filter modules

This section contains VHDL code for various modutethe 408" order filter.

Appendix F-a : Shift Register

-- Company:

-- Engineer:

-- Create Date: 14:55:32 10/05/06

-- Design Name:

-- Module Name: 400shift - Behavioral
-- Project Name:

-- Target Device:

-- Tool versions:

-- Description:

-- Dependencies:

-- Revision:

-- Revision 0.01 - File Created
-- Additional Comments:

library IEEE;

use IEEE.STD_LOGIC_1164.ALL,;

use IEEE.STD_LOGIC_ARITH.ALL;

use |IEEE.STD_LOGIC_UNSIGNED.ALL;

---- Uncomment the following library declarationirifstantiating
---- any Xilinx primitives in this code.

--library UNISIM,;

--use UNISIM.VComponents.all;

entity shift is
port( C, SI: in std_logic;
Dout : out std_logic_vector(399 downto 0));
end shift;

architecture archi of shift is
signal tmp_signal: std_logic_vector(400 downtoOJOTHERS =>'0");

begin
process (C)
begin
if (C'event and C="1") then
foriin 0 to 399 loop
tmp_signal(i) <= tmp_signal(i+1);
Dout(i) <= tmp_signal(i);
end loop;
tmp_signal(400) <= SI;
end if;
end process;
end archi;



Appendix F-b : Counter

-- Company:

-- Engineer:

-- Create Date: 11:58:55 11/07/06

-- Design Name:

-- Module Name: count50 - Behavioral
-- Project Name:

-- Target Device:

-- Tool versions:

-- Description:

-- Dependencies:

-- Revision:

-- Revision 0.01 - File Created
-- Additional Comments:

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

use IEEE.STD_LOGIC_ARITH.ALL;

use IEEE.STD_LOGIC_UNSIGNED.ALL,;

---- Uncomment the following library declarationififstantiating
---- any Xilinx primitives in this code.

--library UNISIM,;

--use UNISIM.VComponents.all;

entity count50 is
Port ( Clk_50MHz : in std_logic;
Start : in std_logic;
Count : out std_logic_vector(5 downtp 0)
SubCount : out std_logic_vector(5 downto 0));
end count50;

architecture Behavioral of count50 is
SIGNAL tmp_count: std_logic_vector(5 downto 0) 600000";

begin
Process(Clk_50MHz)
begin
if Start ='0" then
tmp_count <= "000000";

else
if Clk_50MHz'event and Clk_50MHz ='1' THEN
if tmp_count = "110001" THEN
tmp_count <= "000000";
ELSE
tmp_count <= tmp_count + 1;
END IF;
END IF;
END IF;

END PROCESS;
Count <= tmp_count;
SubCount <= "110001" - tmp_count;

end Behavioral;
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Appendix F-c: clock_sync

-- Company:

-- Engineer:

-- Create Date: 18:02:37 11/10/06

-- Design Name:

-- Module Name: Clock_sync - Behavioral
-- Project Name:

-- Target Device:

-- Tool versions:

-- Description:

-- Dependencies:

-- Revision:

-- Revision 0.01 - File Created
-- Additional Comments:

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

use IEEE.STD_LOGIC_ARITH.ALL;

use IEEE.STD_LOGIC_UNSIGNED.ALL,;

---- Uncomment the following library declarationififstantiating
---- any Xilinx primitives in this code.

--library UNISIM,;

--use UNISIM.VComponents.all;

entity Clock_sync is
Port ( Clk_1MHz : in std_logic;
Reset : in std_logic;
Start : out std_logic :='0";
end Clock_sync;

architecture Behavioral of Clock_sync is

begin
Process(Reset, Clk_1MHz)
BEGIN
if Reset = '1' then
Start <="'0";
elsif Clk_1MHz'event and Clk_1MHz ='1' THEN
Start <=1
END IF;
END PROCESS;
end Behavioral;
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Appendix F-d : 50-bit multiplexor

-- Company:

-- Engineer:

-- Create Date: 14:16:42 10/06/06

-- Design Name:

-- Module Name: mux50 - Behavioral
-- Project Name:

-- Target Device:

-- Tool versions:

-- Description:

-- Dependencies:

-- Revision:

-- Revision 0.01 - File Created
-- Additional Comments:

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

use IEEE.STD_LOGIC_ARITH.ALL;

use IEEE.STD_LOGIC_UNSIGNED.ALL,;

---- Uncomment the following library declarationififstantiating
---- any Xilinx primitives in this code.

--library UNISIM,;

--use UNISIM.VComponents.all;

entity mux50 is
Port ( Din : in std_logic_vector(49 downto 0);
Count : in std_logic_vector(5 downto 0);
D : out std_logic);
end mux50;

architecture Behavioral of mux50 is

begin
D <= Din(CONV_INTEGER(Count));

end Behavioral;
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Appendix F-e : Multiplication block

-- Company:

-- Engineer:

-- Create Date:  13:23:17 10/05/06

-- Design Name:

-- Module Name: firmultiply24bit - Behavioral
-- Project Name:

-- Target Device:

-- Tool versions:

-- Description:

-- Dependencies:

-- Revision:

-- Revision 0.01 - File Created
-- Additional Comments:

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

use IEEE.STD_LOGIC_ARITH.ALL;

use IEEE.STD_LOGIC_UNSIGNED.ALL,;

---- Uncomment the following library declarationififstantiating
---- any Xilinx primitives in this code.

--library UNISIM,;

--use UNISIM.VComponents.all;

entity firmultiply24bit is
Port ( Din : in std_logic;
B :in std_logic_vector(23 downto 0);
Y : out std_logic_vector(23 downto 0));
end firmultiply24bit;

architecture Behavioral of firmultiply24bit is

signal tmp_add: std_logic_vector(24 downto 0);

begin

tmp_add <= ("1000000000000000000000000" - B);

Y <=tmp_add(23 downto 0) WHEN Din ='0' ELSE
B;

end Behavioral;
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Appendix F-f : Original Adderblock

Note: This module was not used in the final desigre addertree (Appendix F-g) was
used instead.

-- Company:

-- Engineer:

-- Create Date: 15:39:33 10/06/06

-- Design Name:

-- Module Name: Adderblock - Behavioral
-- Project Name:

-- Target Device:

-- Tool versions:

-- Description:

-- Dependencies:

-- Revision:

-- Revision 0.01 - File Created
-- Additional Comments:

library IEEE;

use IEEE.STD_LOGIC_1164.ALL,;

use IEEE.STD_LOGIC_ARITH.ALL;

use IEEE.STD_LOGIC_UNSIGNED.ALL;

---- Uncomment the following library declarationirifstantiating
---- any Xilinx primitives in this code.

--library UNISIM;

--use UNISIM.VComponents.all;

entity Adderblock is
Port ( YA : in std_logic_vector(23 downto 0);

YB : in std_logic_vector(23 downto 0);
YC :in std_logic_vector(23 downto 0);
YD :in std_logic_vector(23 downto 0);
YE : in std_logic_vector(23 downto 0);
YF :in std_logic_vector(23 downto 0);
YG : in std_logic_vector(23 downto 0);
YH : in std_logic_vector(23 downto 0);
LastSum : in std_logic_vector(23 dowajp
Sum : out std_logic_vector(23 downtg 0))

end Adderblock;

architecture Behavioral of Adderblock is

begin
Sum<=YA+YB+YC+YD+YE+YF+YG+YH+ LaSum;

end Behavioral;
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Appendix F-g: Adder tree

-- Company:
-- Engineer:

-- Create Date: 13:05:09 11/03/06

-- Design Name:

-- Module Name: addertree - Behavioral
-- Project Name:

-- Target Device:

-- Tool versions:

-- Description:

-- Dependencies:

-- Revision:

-- Revision 0.01 - File Created
-- Additional Comments:

library IEEE;

use IEEE.STD_LOGIC_1164.ALL,;

use IEEE.STD_LOGIC_ARITH.ALL;

use IEEE.STD_LOGIC_UNSIGNED.ALL;
use |IEEE.STD_LOGIC_SIGNED.ALL;

---- Uncomment the following library declarationififstantiating
---- any Xilinx primitives in this code.

--library UNISIM;

--use UNISIM.VComponents.all;

entity addertree is
Port ( Count : in std_logic_vector(5 downto 0);

Clk : in std_logic;
Y_A:in std_logic_vector(23 downto 0);

Y_B :in std_logic_vector(23 downto 0);

Y_C :instd_logic_vector(23 downto 0);

Y_D :instd_logic_vector(23 downto 0);

Y_E :in std_logic_vector(23 downto 0);

Y_F:in std_logic_vector(23 downto 0);

Y_G :in std_logic_vector(23 downto 0);

Y_H :in std_logic_vector(23 downto 0);
Sum : out std_logic_vector(23 downto=H)000000000000000000000000");
end addertree;

architecture Behavioral of addertree is

SIGNAL
SIGNAL
SIGNAL
SIGNAL
SIGNAL
SIGNAL
SIGNAL
SIGNAL
SIGNAL
SIGNAL
SIGNAL

ADDER_ELEM_1: STD_LOGIC_VECTOR(23 DOWNTQ;0
ADDER_ELEM_2: STD_LOGIC_VECTOR(23 DOWNTQ;0
ADDER_ELEM_3: STD_LOGIC_VECTOR(23 DOWNTQ;0
ADDER_ELEM_4: STD_LOGIC_VECTOR(23 DOWNTQ;0
ADDER_ELEM_5: STD_LOGIC_VECTOR(23 DOWNTQ;0
ADDER_ELEM_6: STD_LOGIC_VECTOR(23 DOWNTQ;0
ADDER_ELEM_7: STD_LOGIC_VECTOR(23 DOWNTQ;0
ADDER_ELEM_8: STD_LOGIC_VECTOR(23 DOWNTQ;0

ADDER_ELEM_9: STD_LOGIC_VECTOR(23 DOWNTQ €= "000000000000000000000000";

ADDER_ELEM_10: STD_LOGIC_VECTOR(23 DOWNTQ) :
ADDER_ELEM_11: STD_LOGIC_VECTOR(23 DOWNTQ) :

"000000000000000000000000",
"000000000000000000000000",
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SIGNAL ADDER_ELEM_12: STD_LOGIC_VECTOR(23 DOWNTQ) :
SIGNAL ADDER_ELEM_13: STD_LOGIC_VECTOR(23 DOWNT® := "000000000000000000000000";
SIGNAL ADDER_ELEM_14: STD_LOGIC_VECTOR(23 DOWNT® := "000000000000000000000000";
SIGNAL ADDER_ELEM_15: STD_LOGIC_VECTOR(23 DOWNTQ) := "000000000000000000000000";
SIGNAL SUM_OUT: STD_LOGIC_VECTOR(23 DOWNTO 0) “600000000000000000000000";

"000000000000000000000000",

begin
ADDER_ELEM_1<=Y
ADDER_ELEM_2<=Y_
ADDER_ELEM_3<=Y_
ADDER_ELEM_4 <=Y_|
= Y_
Y_

A
C

ADDER_ELEM_5 <
ADDER_ELEM_6 <=
ADDER_ELEM 7 <=Y_G;
ADDER_ELEM 8<=Y_H;

B
D
E
F

PROCESS(Count, Clk)
BEGIN
if Clk'event and Clk ='1' THEN
if Count = "000011" THEN
Sum <= SUM_OUT;
--accumulator
SUM_OUT <= ADDER_ELEM_15;
--adder tree level 3
ADDER_ELEM_15 <= ADDER_ELEM_13+ADDER_ELEM4;
--adder tree level 2
ADDER_ELEM_13 <= ADDER_ELEM_9+ADDER_ELEMO;
ADDER_ELEM_14 <= ADDER_ELEM_11+ADDER_ELEMZ2;
--adder tree level 1
ADDER_ELEM_9 <= ADDER_ELEM_1 + ADDER_ENME 2;
ADDER_ELEM_10 <= ADDER_ELEM_3 + ADDER_EME 4;
ADDER_ELEM_11 <= ADDER_ELEM_5 + ADDER_EME 6;
ADDER_ELEM_12 <= ADDER_ELEM_7 + ADDER_EME 8;
ELSE
--accumulator
SUM_OUT <= SUM_OUT + ADDER_ELEM_15;
--adder tree level 3
ADDER_ELEM_15 <= ADDER_ELEM_13+ADDER_ELEMA4;
--adder tree level 2
ADDER_ELEM_13 <= ADDER_ELEM_9+ADDER_ELEMO;
ADDER_ELEM_14 <= ADDER_ELEM_11+ADDER_ELEM?2;
--adder tree level 1
ADDER_ELEM_9 <= ADDER_ELEM_1 + ADDER_EME 2;
ADDER_ELEM_10 <= ADDER_ELEM_3 + ADDER_EME 4;
ADDER_ELEM_11 <= ADDER_ELEM_5 + ADDER_EME 6;
ADDER_ELEM_12 <= ADDER_ELEM_7 + ADDER_EME 8;
END IF;
END IF;
END PROCESS;

end Behavioral;
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Appendix G — Xilinx Schematic of 400

" Order Filter
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Appendix H — UCF file for 100 " Order Filter

NET "Clk_In" LOC = T9;
NET "Clk_1MHz" LOC = M11,
NET "Reset" LOC = L14;
NET "TEST" LOC = K13;

NET "Phil" LOC ="R10"
NET "Phil_a" LOC = "P10";
NET "Phi2" LOC ="T7",
NET "Phi2_a" LOC ="R7",

NET "Din" LOC = D16;
NET "Y<15>" LOC = D§;
NET "Y<14>" LOC = C9;
NET "Y<13>" LOC = D10;
NET "Y<12>" LOC = A3;
NET "Y<11>" LOC = B4;
NET "Y<10>" LOC = A4;
NET "Y<9>" LOC = B5;
NET "Y<8>" LOC = A5;
NET "Y<7>" LOC = B6;
NET "Y<6>" LOC = B7;
NET "Y<5>" LOC = A7,
NET "Y<4>" LOC = BS;
NET "Y<3>" LOC = A8;
NET "Y<2>" LOC = A9;
NET "Y<1>" LOC = B10;
NET "Y<0>" LOC = A10;

NET "Ground" LOC = E6;

NET "Ground" LOC = T15;
NET "Ground" LOC = B12;
NET "Ground" LOC = B11,
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Appendix | — UCF file for 400 " order filter

This is the UCF file for the 48border filter.

NET "CIk_50MHz" LOC = T9;
NET "Clk_1MHz" LOC = M11,
NET "Reset" LOC = L14;
NET "TEST" LOC = K13;
NET "Din" LOC = D16;

NET "Phil" LOC ="R10";
NET "Phil_a" LOC = "P10";
NET "Phi2" LOC ="T7",
NET "Phi2_a" LOC ="R7",

#16-Bit Mode

#NET Y<23> LOC = DS8;
#NET Y<22> LOC = C9;
#NET Y<21> LOC = D10;
#NET Y<20> LOC = A3;
#NET Y<19> LOC = B4;
#NET Y<18> LOC = A4;
#NET Y<17> LOC = B5;
#NET Y<16> LOC = A5;
#NET Y<15> LOC = B6;
#NET Y<14> LOC = B7;
#NET Y<13> LOC = A7;
#NET Y<12> LOC = BS;
#NET Y<11> LOC = A8;
#NET Y<10> LOC = A9;
#NET Y<9> LOC = B10;
#NET Y<8> LOC = A10;

#24-Bit Mode

NET Y<23> LOC = D5;
NET Y<22> LOC = C5;
NET Y<21> LOC = D6;
NET Y<20> LOC = C6;
NET Y<19> LOC = E7;
NET Y<18> LOC = C7;
NET Y<17> LOC = D7;
NET Y<16> LOC = C8;
NET Y<15> LOC = DS8;
NET Y<14> LOC = C9;
NET Y<13> LOC = D10;
NET Y<12> LOC = A3;
NET Y<11> LOC = B4;
NET Y<10> LOC = A4;
NET Y<9> LOC = B5;
NET Y<8> LOC = A5;
NET Y<7> LOC = B6;
NET Y<6> LOC = B7;
NET Y<5> LOC = A7;
NET Y<4> LOC =BS8;
NET Y<3> LOC = A8;
NET Y<2> LOC = A9;
NET Y<1> LOC = B10;
NET Y<0> LOC = A10;

NET "Ground” LOC = E6;

NET "Ground" LOC = T15;
NET "Ground" LOC = B12;
NET "Ground" LOC = B11,
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Appendix J — DAQ Pin Assignment

Here are the pin assignments of the DAQ. All FPG#sgonnect to the A2 expansion
connector of the FPGA. All ground pins were coneddb any of the ground pins from
the FPGA: Pin 4 (E6), Pin 29 (B11), or Pin 30 (B1Zi)nce we were enacting 32-bit data
acquisition on a 24-bit digital signal, the topi@nsficant bits were tied to the most

significant bit on Pin 5 (D5).

DAQ PIN DAQ NAME FPGA PIN

Pin1

Pin 2

Pin 3

Pin 4

Pin5

Pin 6

Pin 7

Pin 8

Pin 9

Pin 10
Pin 11
Pin 12
Pin 13
Pin 14
Pin 15
Pin 16
Pin 17
Pin 18
Pin 19
Pin 20
Pin 21
Pin 22
Pin 23
Pin 24
Pin 25
Pin 26
Pin 27
Pin 28
Pin 29
Pin 30
Pin 31
Pin 32
Pin 33
Pin 34

+5V
REQ1
ACK1
StopTrigl
PCLK1
PCLK2
StopTrig2
ACK2
REQ2
DIOAO
GND
DIOAS3
DIOA4
GND
DIOA7
DIOBO
DIOB1
GND
RGND
GND
DIOB6
DIOB7
DIOCO
GND
DIOC3
DIOC4
GND
DIOC7
DIODO
GND
DIOD3
DIOD4
GND
DIOD7

NC

Pin 40 (M11
NC

NC

NC

NC

NC

NC

NC

Pin 28 (A10)
GND

Pin 25 (A8)
Pin 24 (B8)
GND

Pin 21 (B6)
Pin 20 (A5)
Pin 19 (A4)
GND

GND

GND

Pin 14 (C9)
Pin 13 (D8)
Pin 12 (C8)
GND

Pin 9 (C7)
Pin 8 (E7)
GND

Pin 5 (D5)
Pin 5 (D5)
GND

Pin 5 (D5)
Pin 5 (D5)
GND

Pin 5 (D5)

DAQ PIN DAQ NAME FPGA PIN

Pin 35
Pin 36
Pin 37
Pin 38
Pin 39
Pin 40
Pin 41
Pin 42
Pin 43
Pin 44
Pin 45
Pin 46
Pin 47
Pin 48
Pin 49
Pin 50
Pin 51
Pin 52
Pin 53
Pin 54
Pin 55
Pin 56
Pin 57
Pin 58
Pin 59
Pin 60
Pin 61
Pin 62
Pin 63
Pin 64
Pin 65
Pin 66
Pin 67
Pin 68

RGND
GND
GND
DPULL
GND
CPULL
GND
GND
RGND
DIOA1
DIOA2
GND
DIOAS
DIOAG
GND
GND
DIOB2
DIOB3
DIOB4
DIOB5
GND
RGND
DIOC1
DIOC2
GND
DIOCS
DIOC6
GND
DIOD1
DIOD2
GND
DIODS
DIOD6
GND

GND

GND
GND

NC

GND

NC

GND
GND

GND

Pin 27 (B11)
Pin 26 (A9)
GND

Pin 23 (A7)
Pin 22 (B7)
GND

GND

Pin 18 (A4)
Pin 17 (B4)
Pin 16 (A3)
Pin 15 (D10)
GND

GND

Pin 11

Pin 10
GND

Pin 7 (D6)
Pin 6 (C5)
GND

Pin 5 (D5)
Pin 5 (D5)
GND

Pin 5 (D5)
Pin 5 (D5)
Pin 4 (E6)
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Appendix K — SN74LVCC3245A Voltage Translator Datas heet
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