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Abstract

This paper describes the design and congtruction of a high-speed data acquisition
sysdem intefaced to a persond computer.  This research has involved firg hand
experience with high-gpeed dectronics architecture, chip manufactures and their
products, circuit board design and fabrication, circuit board condruction and testing,
microprocessor  programming, and front-end software programming.  This paper deds
with the specific issues that arose while trying to adhere to our architecturd gods and to
bring this sysem from the early conceptua sages to a functioning viable product. It
follows our progress from the ealiet prdiminary sages dl the way to a successtul
completion, and outlines the further work that might be done refining and increasing the
speed of our data acquisition board.



| Introduction:

Recent development of high-speed chips has been driven by the cdl phone and
computer industries.  The competition between persond computer companies and cell
phone companies to meet the massve demands of ther reative markets has caused
incredibly fast paced growth in these aress.  Cdl phone and computer companies are
being forced to congtantly develop cutting edge technology a very low prices to say
competitive in their market place.

Conversy, the smdler laboratory environments of research and development
have driven the production of high-gpeed data acquistion systems. The companies that
produce these systems are forced to ded with high overhead costs, a smdl, specidized
market, and low demand. Data acquidtion system manufacturers have compensated for
large overhead and smdl dientde by devating their high-speed data acquistion system
prices to tens of thousands of dollars. As a result of reduced spending, the development
of high-peed data acquisition boards has been dowed.

Our research began based on the belief that we could build a high-speed data
acquistion system for a fraction of the market price by using chips that have dready been
desgned for the computer and cell phone industry to suit other purposes. The only
element missng was the architecture necessary to combine the chips so tha they could
communicate with each other in the necessary ways. It was our bdief that by using the
latest surface mount soldering techniques and an architecture of our own design that we
would be able to create ared, operating, lab-worthy system.

Thus, we developed a specific list of architecturd criteria to use as research goals.

We wanted a smple design, so our ided architecture should have the fewest number d



chips and smdlest number of connections possble. Using only a few chips dso would
help us meet our goa of producing a low cost sysem. Adaptability is important in the
lab, so we decided to try to make our data acquisition board one that could easly be
reprogranmed to work under different operating conditions. Findly, we wanted an
architecture that is eadly upgradesble with very little turnaround time. That way we
could upgrade to the latest chips and keep up with, or even ahead of the state of the art
data acquistion board manufactures, while sill producing our system for a fraction of the

commercia purchase price.



Il. Architecture:

The man god of any high-speed data acquisition system linked to a P.C. is to
gather data a very fast speeds and transfer that data to a P.C. without data loss. It is
illugretive to think of our architecture as a high-speed buffer. At each buffering stage our
system decreases the speed of the data until it is dow enough to transfer to the P.C. To
accomplish  high-gpeed data acquistion we needed certain functiond components.
Although these components may be built from many different types of microchips they
can be categorized as severd specific universa functions.

Every digitd dectronic system that records anadog data must convert that data to
digital information. This step requires a component caled an anadlog to digitd converter.
An A/D takes andog voltage levels as an input and samples the voltage level a a certain
rate. Each sample is compared to a reference voltage and categorized as a digita number
proportiond to the input's amplitude at the time of the sample. To get an accurate picture
representation of the andog input the A/D sample rate must be very fast. The purpose of
a high-gpeed data acquisition system is to achieve the most accurate representation of the
input as possible, hence the motivation for faster and faster systems.

Every high-speed data acquisition system aso needs a microprocessor to handle
ceatan functions like controlling the data taking process, performing data manipulation,
and trandferring data to a P.C. All microprocessors have a set number of lines that can be
used for data input and output (1/0) as wel as lines that can be set to control the digitd
logic built into the system.

High+speed data acquisition systems need a method to temporarily store data until

that data can be retrieved by the processor and sent to the P.C. There are two primary



types of digitd memory to choose from: RAM (random access memory) and FIFO (firgt
in firg out) memory. Each different type of memory has advantages and disadvantages
that must be welghed againgt the specific requirements of the system.

All highrspeed data acquisition systems need an on/off switch, or “trigger,” that
tells the sysem when to dart taking data and when to sop. A trigger is usudly a sysem
of severd logic devices and can vary in complexity. There are two badc types of
triggers, internd and externd. The most complex systems are built with both.

The following block diagram illustrates the basic way that data flows throughout

my system.
External
Analog Data — AD
Source converter
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Figure 1. 200 MHz Architecture: Block Diagram of Data Flow
The A/D receves andog information from an extend andog voltage source and

converts the data to a digitd dgnd. At the same time the A/D automaicaly haves the



sgna speed and sends it into two memory chips to be stored. When the system receives
a trigger sgnd, the memory begins to fill and when it finishes, the nemory sgnds that it
is done taking data Once the memory chips are full, the microprocessor reads out the

data stored in memory, manipulates it, and sendsit on to the P.C.



[11. Chip Sdection and Acquisition:

To choose the proper chips for any eectronics device it is necessary to compare
the exact specifications of many different chips Features such as timing, pin layout,
operation, and power specifications are dl consgdered. In the past chip manufactures
published books full of information on microchips. Each chip was described at great
length in a datasheet. Now manufactures primarily distribute data-sheets through their
websites and use of the data-sheets is free to the public. Web ste digribution benefits the
consumer because the information is much more current and readily avalable. Daa
sheets are the primary source materid that | used throughout my research. See the
appendix for apartia example of a data sheet.

We began the project intending to use two specific dips in our initid design: the
P.C. interface chip, EZ-USB 8051, and the andlog to digital converter, AD9054A. The
EZ-USB 8051 can transfer data to a P.C. usng a standard computer USB port. USB
gands for Universal Serid Bus and is a recently creasted $andard for communication with
a P.C. One benefit to usng the EZ-USB 8051 is that former graduate student Jon Curley
dready designed a board to run it and Dr. Cooke was dready familiar with how to
control and program it. The other benefit of usng the 8051 was that we already owned
severd, so we didn't have to waste time acquiring them.

The AD9054A is produced by Andog Devices and can convert data a a
maximum frequency of 200MHz. 200MHz corresponds to a speed of one sample every 5
nanoseconds. The AD90%4A has a feature built in cdled a demultiplexer that halves the

digital data output rate by sending data synchronoudy to two different output ports.



First, we began to look for a specific memory chip to store our deta in the interim
time between its digitd converson and eventua computer transfer. We decided tha a
FIFO would be a better choice than RAM, because a FIFO runs in a cycle. The mgor
benefit to usng RAM s that it can recal information in any order, from any data address
in memory. But, this feature was unnecessary for our system because the purpose of our
board is to smply record a data stream. On the other hand, a FIFO reads data out of
memory in the same order that it was written into memory, on a Fird byte In Firg byte
Out basis. The mgor benefit of uang a FHFO is that indead of having to track data
addresses like with a RAM chip, it is only necessary to cycle the FIFO memory to the
first data point of interest. Once there, the whole sample can be removed in the correct
order, a any desired speed. In our case that speed is dictated by the 8051
Mi Croprocessor.

| decided on a FIFO made by a company called Cypress. Cypress produces a few
modeds of FIFOs that run a a maximum speed of 100 MHz (CY7C4292) and suit our
architecturd gods wdl, because they are loaded with specid functions, helping reduce
the need for additiona chips. One such function is a programmable flag that can be set to
sgna the microprocessor when the FIFO has taken a specific amount of data We
thought that programmability would smplify our data teking process. In the end though
we used the sandard full and empty flags built into al FIFOs because programming the
other flags increased the design overhead by requiring many more input lines,

Purchasing the FIFOs was difficult because the FIFO we chose turned out to be a
gpecidty item. Chip manufacturers sal microchips through independent didtributors, and

mogst digtributors are looking for big sdes. They don't want to wadte their time with small
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time developers. Even the company policies of the chip manufecturers work againg the
smal developer, because these companies have rules that they will only stock a certain
chip if a minimum number, usualy 100 or more, ae ordered by the distributor.
Didributors will only order CY7C4292s if they know they are going to sdl the full
minimum, in this case the minimum was 125. We only needed 2 or 3 FIFOs and the
chips cogt on the order of $75 to $100 making it impossible for us to order the minimum.
Thus, we needed to find a didributor that had overstocked our chip when a big order
came in. | findly found some CY7C4292s that ran a the 100 MHz speed levd and we
ordered three even though our system only needed two, in case one of them got damaged
or destroyed during the board assembly process.

After our difficulty ordering the FIFOs, we added a new chip sdection god to our
dready growing lis of architectura criteriaa whenever possble look a largey used
products first, because these products are much eeser to obtan. The rest of the
microchips that we used in the board design were made by Toshiba and were not nearly
as difficult to purchase because they are standard digitd logic that distributors routindy
stock.

While searching the web we found another product that seemed like it would help
sreamline our architecture caled the USBSIMMS board. The USBSIMMS is a pre-
manufactured board that combines our EZ-USB 8051 microprocessor with external RAM
and EEPROM memory and provides output connections viaa 30 pin SIMMSS socket.

At the time we had hardwired circuitry into our design that was very similar to the
USBSIMMS board. But, we began to consider using the USBSIMMS ingtead, because a

pre-manufactured board would greetlly smplify our building and testing phases. By
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purchasing the USBSIMMS board, instead of building one ourselves, we knew that we
had a product that worked right out of the box. We didn’t have to wadte time building it
and we knew that the USBSIMMS' hdf of our circuitry was 100% eiable dlowing us
to narrow our focus if problems arose in testing.

Ancther bendfit of usng the USBSMMS is that in addition to the
microprocessor, the USBSIMMS dso contains built in onboard memory. The onboard
memory makes our board much more powerful, dlowing it to do more onboard data
processing before transporting that data to the computer. In essence it makes the brain of
our system much larger.

Therefore, the USBSIMMS board became a motherboard to control our data
acquidtion sysem dcircuitry as a daughterboard. Since our circuitry is not hardwired
together as a gngle unit, our design is more versatile and inexpensive over the long run.
For example, in the motherboard/daughterboard case, if the USBSIMMS fails a new
USBSIMMS easly replaces it. Conversdy if the daughter board fals (even during
congtruction) the daughterboard can be replaced. The separation of the motherboard and
daughterboard is possible because the motherboard and daughterboard communicate at

the dow rate of 1-4 MHz through 20 pardld lines configured into a custom bus.

Standard Computer
USB Output Jack

Figure 2. USBS MM Board removed from the Daughterboard
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Just like any other eectronics product today, the USBSIMMS has a data sheet. It
semed a fird glance that the USBSIMMS board would not work easly with our
architecture, because it only has 20 1/O (input output) lines to work with. The raw
USB8051 has 24 accessible 1/O lines but the USBSIMMS uses four of these to control
the onboard SIMMS memory chip. At this stage our architecture relied on 23 1/O lines
and the loss of four lines prevented us from using the USBSIMMS board. So we decided
to reduce the number of /O lines our system sent to the 8051.

The current architecture at that time required 16 1/O lines for data input leaving
only four control lines if we used the USBSIMMS. We needed seven control lines. To
attempt to make the current architecture work with the USBSIMMS board we
investigated the posshility of usng a multiplexer. A multiplexer is a digitd logic chip
that switches smultaneoudy and quickly, connecting either of two input sources to its
output lines. When a multiplexer is employed with proper timing, the number of lines
can be reduced while till retaining complete data flow.

Diata lines out
Habred: Feading Set 1

Diata lines in: Set 1

YyYYVYY
Y¥YYyYYy

Diata Iines in: Set 2

Hm:-:-t-—-'l:ln--ru-.:g

yYYYY

Figure 3a. Multiplexer Sate 1: Unswitched
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Diata lines in: Set 1
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Figure 3b. Multiplexer Sate 2: Switched

Using a multiplexer would have the number of data lines being dumped into the
USBSIMMS to 8, leaving 12 lines for control, thus dlowing us to use the USBSIMMS
board in our desgn. But, usng a multiplexer is contrary to our desgn god of reducing
our system to the least number of chips because the addition of the multiplexer adds chips
and complicates the sysem. Usng a multiplexer means we have to carefully control the
timing of the multiplexer, in addition to dl of the other components in our system, to
ensure that no dataislogt.

Throughout the project, sticking points like the question of whether or not to use a
multiplexer, led to mgor changes in the architecture. The CY7C4292 has a feature cdled
tri-state output mode. Tri-tate output dlows the user to tie the output lines of tri-state
chips together without causing the chip to mafunction. In effect this feature alows us to
tie two or more FIFO's data output lines together without a multiplexer. The main
difficulty with tri-state output is that only one chip a a time may be enabled to read out
data or data loss is caused. Using the tri-state feature allows us to use the USBSIMMS
board and is a great solution in terms of our architectura goas because it reduces the

number of chipsin our system by 1 and the number of lines by 8.

14



3. Load Fifo™s

a. L3B
b, MEB

12 Enable Trigget |
. _ Emable | B

Figure 4: First Flow Diagramto Clarify Operational Procedure and Evaluate
Data Line Usage

To maeke the find decison on whether or not to use the USBSIMMS board, |
developed an operational flow chat. Each box on the flow chat contains a short
description of the action performed a that step as wel as a numericd labd. The
numerical label corresponded to a matching number on another sheet followed by a
detailed description of what pins on the FIFO we need to manipulate to make the system
peform each gpecific function. Using this technique | was able to see if our plan
exceeded the 20 available control and 1/O lines. From this flow chart we determined that

we could sep through our architectura plan and do everything that we intended using
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fewer then 20 1/O control pins from the USB SIMMS if we used the tri-state output
feature.

We dso tested the USBSIMMS it in the lab because the 8051 built into
USBSIMMS is a dightly newer verson of the EZ-USB 8051 then we had used in the
past. We needed to make sure that the new 8051 actualy works the same way as our old
8051's because later in the project, we knew that our bank of accumulated programming
knowledge would be important and we wanted to make sure our old programs dill

worked reliably with the new version.
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V. Board Design

The first steps to board design began during the chip selection phase. To get an
idea of how the chips | chose fit together as wdl as to figure out how to obtan the
smallest distance between chips, | photocopied and enlarged the pin diagrams of the fast
buffering components (A/D and FIFOs) and taped them to a white board. The lines were
connected using wipe board marker so that mistakes could be corrected and so that
revisons could be made.

To desgn our board, we used the CAD (Computer Asssted Design) program
Express PCB. Express PCB was written by Engineering Express, who also produce
cusomized double-sided surface mount electronics boards. Express PCB was developed
0 tha smdl-scde dectronics enthusasts and academic indtitutions could easly and
chegply design surface mount prototyping boards. Express PCB is free, however it
comes with limited desgn features. For example, it has no smulation fegtures, so we had
to be very caeful to avoid sysemtiming misakes. Another limitation of the Express
PCB program is that it does not contain nearly as many preprogrammed dState of the art
microchip pad designs as most professonad CAD prograns do. Express PCB’'s
limitations coupled with a seep learning curve caused our origind board desgn to
contain severa unintentional errors.  In one case, the wrong pin spacing was origindly
used for the FIFOs because Express PCB did not have the proper spacing available as a
built in feature.

The CY7C4292's pin spacing is much smdler then the pad programmed into
Express PCB. In the end it was necessary to design a custom pad. In fact we were not

even sure that Express PCB'’s resolution would alow lines to be drawvn as close together
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as our FIFO's pad required. The pins on the CY7C4292 FIFO are spaced .5mm apart
with 16 pins to a dde, and the program’s minimum line spacing seemed dightly too big
to even custom draw a FIFO pad for our CY 7C4292.

We decided to try to correct for Express PCB’'s seeming lack of precison by
making a correction every 3 pins to the line spacing. This way dl the pins would be a
little off, but the line spacing error would only compound over 3 pins ingead of 16. Sll,
some uncertainty remained about whether or not this fix would work when it came time
to solder the chips to the board. If too much inherent error ill remained, it might cause
solder bridges A solder bridge is a tiny solder connection that unintentionaly forms
during soldering and attaches two pins together. After getting to know the program better,
| findly found asolution,

Origindly we were trying to lay down lines for the FIFO pad using the program’s
grid spacing feature and we were only able to be sure that the line precison was correct
to one tenth of an inch. In Express PCB | discovered a way to preset line spacing rather
than grid spacing. The preset line spacing feeture dlows the program to draw pardld
lines whose digtance is sat with the precison of up to one thousandth of an inch. Using
this discovery | was able to easily draw up a custom pad for the FIFOs that would be used

to solder them onto on the daughter board with virtudly no line spacing error.
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Figure5: FIFO Pad | designed (left) and the wrong pad (right)

No built-in SIMM socket pad was included in Express PCB so | designed one

using the functions | discovered while cregting the FIFO pads.
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Figure 6: My SMM Socket Design, Another Customized PAD in Express PCB
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The next step in the design process was to develop a trigger for the daa
acquistion board. Although the concept of an on/off switch is smple, the trigger must be
carefully developed, otherwise it can cause mgor problems. For example, unpredictable
results might occur if the board was triggered while in the process of taking data.

There are two ways to design a trigger, internd and externa. An externd trigger
rlies mainly on externd trigger signd generation while an internd trigger depends on an
internally generated trigger signd. We chose to use an externa trigger design because an
externd trigger fits better with current lab needs. However, one drawback to using an
externa trigger is tha multiple triggering or missed triggers might occur. To combat this
problem, we used aflip-flop asagate to dlow or disdlow trigger Sgnals.

When the flip-flop's enable line 'PR is held low then it switches to its PRESET
mode and sets its output high. The ! dgn in front of the PR line indicates that PR is
activated when held low, and PR is short for PRESET. When PR is asserted high the
flip-flop is endbled but waiting for a trigger Sgnd. The flip-flop is able to switch its
output level to low, but remains st to a high output levd. When a trigger Sgnd arrives
a the CK pin (short for ClocK), in the form of a low to high TTL clock trangtion, the
output line on the flip-flop switches to a low output level. The output line of the flip-flop
is connected to the FIFO's Write Enable line ('WEN), and the FIFOs can only write data

into memory when Write Enable is asserted low. Figure 7 illudrates this more

explicitly.
CLE FE. D CE 0
H L X b H Preset (Disabled)
H H Chrnd. Trans. Up L Enabled

Figure 7: FIFO Truth Table Conditions for Enabled or Disabled Trigger
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An added bonus of designing the trigger this way is tha the control line from the
USBSIMMS can dso act as a hard reset/abort. If at any time during the data taking
process something goes wrong, the user could ask the program to de-initidize the 'PR

line, and the FIFOs would not be able to write any more data.

Triggering Plan W/ Both FIFO’s

Order of Events

FIFO 1
1. 8051 Sets PR low when ready

to take data. Waits an external pulse.
— 2. Pulse (Tngger)
WER RS Fliotlp 1EF 3. FIFO’s take data.
a IFR. 2051 4. 8051 monitors !EF line until FIFO’s
are not empty.
5. 8051 Disables !PR until ready
to take another sample.

WEN 2

_ External trigger
CLR = +5v TIR TR D CK 0
D= Gmd. H L x x H

FIFO 2 H H Gmd  |Trms.Up| L

Figure 8: Trigger Block Diagramw/ Operational Explanation

While examining the logic for the trigger, a desgn problem arose.  Programming
the FIFO flags involves inputting 8-bit flag numbers to each FIFO. Sending this number
to the FIFOs is a problem because it must be sent to the same pins on the FIFO that are
used for our fast data lines. To send this number meant interrupting our fast data lines
with more chips to multiplex the 16 lines together. The problem with interrupting the fast
data lines a speeds of 200 MHz is that the high-speed input data could be messed up if
the multiplexer caused even a short lag. Plus, adding unnecessary chips runs counter to

the origina design god of using the fewest chips possible.
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Rather then use a multiplexer we decided to modify the trigger design. The FIFOs
run an order of magnitude faster then the 8051 microprocessor, so the time lost by
dlowing them to completdy fill is incomsequentia. In fact, both 128K FIFOs fill in just
over 2 milliseconds. Because the first data written into the FIFO is aso the firs data
removed, the last data is discarded making the transfer of the data to the computer more
efficient. In essence we complaedy eiminated the programmeble flag use from the

sysem in favor of using the smpler full and empty flags

Flow Diagram
F 11’1E11 — - Data Acouisition

i 5. Disghle Trigger
£ Engble

S | ]

i il
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Figure 9: Final Architectural Flow Diagram To Clarify System Operation
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This solution satisfies our architecturd goads because it reduces the number of
necessary chips and lines, as wel as making our sysem smpler. When viewing the find
flow chart it is easy to see that the system is Smpler. Three unnecessary steps are cut out
of the sgtup process virtudly eiminating it dl together, as wel as making the data
capture operation (sep 4) much easer to program later during the programming stage of
the project.

| made the finishing touches to the firs prototype board by shortening line
lengths. Large loops can cause noise s0 | diminated them by moving smdl portions of
the power line to the top surface of the board and connecting the tri-state output lines of
the FIFOs closer to the FIFOs themselves before feeding them up to the USB socket.
The “sngp to” function in the Express PCB progran helped optimize the distances
between horizonta lines so that the lines were very close together, further shrinking my
lines. | dso lad more ground plane to reduce the amount of noise that might be present
in the system due to the high-speed chips.

After dl this | gill detected some last minute problems. For example, what |
origindly thought was a clock output line from the A/D that could be used to drive the
FIFOs instead turned out to be an input line on the A/D. The FIFOs require a dock at
one haf the speed of the A/D to operate, and having the frequency is usuadly performed
by a chip known as a “divide by 2" counter. Fortunately for us, a counter we were using
a one point in our trigger could dso perform this function. In the design program | made

the minor corrections necessary to accommodate the change.
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Figure 10: The Mark | Board Design, used to create thefirst prototype board
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V. Congruction and Testing

To condruct state of the art microchip boards a technique cdled surface mount
soldering is necessary. In the past chips were made in packages that had large pins and
could be easily soldered onto into place because the pins were placed through holes in the
circuit board. This design and chips that rely on it ae known as thru-hole.  As microchip
speeds have increased higtoricaly they have shrunk in size. The very newest date of the
art chips are so complicated that they are not even produced in thru-hole form. Instead
these chips, such as our FIFOs are created in a form caled surface mount. They atach to
circuit boards that are flat plastic with thin solder traces etched onto it where the chips
connect. The chip is laid on top of these traces and the traces are heeated, credting a
physical connection between the pin and the board. With small chips surface mounting is
essential because traces can be etched onto the board a much smaler spacing then holes
can be drilled.

Magor dectronics manufactures now perform surface mount soldering on the large
scale with machines caled Wave Soldering Stations. These machines place and attach dl
of the components at once with incredible precison. They treat the boards so that solder
will only gtick where it is supposed to and then run liquid solder over the entire board
ataching dl of the pieces & once On the other hand, the smdl time eectronics
enthusast when prototyping must pangekingly solder esch pat by hand, usng a
soldering iron to attach the parts and a magnifying glass to be able to see the parts dearly,
because they are so smal.

We chose to solder our components in an order based on two main criteria, the

availability/cost of the chip and the difficulty levd of soldering the part. For example the
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FIFOs have the smdlest pin spacing and are the most expensive so we decided to solder
them last. This method aso gave me plenty of easy practice while | geared up to solder
on the difficult pats While we were ataching pats we dso testing and continuoudy
checking for errors that might cause us alot of trouble if overlooked until later.

We initidly ordered two Mark | prototype boards. By the time they arrived, we
had dl of the necessary components to start production on the Mark | prototype. Every
component on the board requires a 5V power supply o the first step | took was to solder
into place the power junction used to power the board. | checked with a voltmeter to
make sure that dl of the component’s power lines had power. They did not. A mgor
power line and some secondary power lines had not been run properly.

Inevitably during prototyping, some layout errors will be caught that were not
caught prior to production. To save time these erors are corrected manudly on the
prototype and later fixed in the CAD program for future iterations. Our power problem is
acasein point.

Standard procedure for clean power supply cals for double bypass circuitry of
one 10 microfarad capacitor and multiple 0.1 microfarad capacitors to be placed as near
as possible to the A/D.  In our initid desgn | mistakenly had not connected two of the
.1-microfarad capacitors to ground and had used the 10-microfarad capacitor as a power
feed rather then power by-pass. We drilled some smdl holes through the surface of the
board to run jumpers to ground from the ground plane on the opposite sde of the board,
correcting the problems with the .1-microfarad capacitors. To correct the power feed
problem, we jumpered the disconnected power line together and placed the 10-microfarad

capacitor in a different area on the board.
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Soldering the clock into place was not difficult because it was designed as a thru-
hole device and only conssted of 4 pins. A dow 10 MHz clock was sdected to make our
sysem eader to test and we replaced it on the Mark Il board with a much faster clock.
After soldering the clock, | tested that it was operationd by using a scope probe to
examine the output. It worked perfectly and we saw a good square wave output a 10
MHz.

Next we chose to solder on the counter because it has only 16 pins and they only
cost about a dollar per chip. Soldering the counter was easy and to test it | checked the
solder connections for continuity with a voltmeter and then examined the counter's
output with one of the lab's oscilloscopes. We could see that each pin on the counter was
outputting the correct frequency square wave.

Soldering the flip-flop (TC74ACT74FN) was aso easy but | was concerned about
testing it, because we needed a more complex setup than was necessary to test the
counter. We wired up a breadboard so that we could use its built in switches to control
voltage on severd different lines and attached these lines to the lines on our prototype
board that run to the flip-flop. We asserted the lines to the PRESET levels and checked
the output. As expected it read High. We enabled the flip-flop and the line ill read high.
Finaly, we sent CK a low to high transtion from the breadboard and the output made a
successful trangtion from high to low.

The A/D was the firg difficult chip that we soldered on. The A/D must be
powered cleanly o0 that it digitizes the anadlog input properly. So, before soldering on the
actud A/D | had to solder on 11 capacitors to regulate the power supply. At this point |

made my firg soldering mistake.
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Capacitance is additive. Once soldered onto a circuit board, each component’s
cgpacitance cannot be checked individualy. | mistakenly soldered on dl of the tiny .1-
microfarad capacitors before redizing that the only way to check if they were functiond
was to check that the board capacitance increased .1-microfarad after each was soldered
into place. After soldering them al on there was no way to verify with any certainty thet |
had successfully atached them al. However the totd capacitance did seem to be in the
right ballpark. We corrected this error on the Mark 11 prototype.

| soldered the A/D onto the board and prdiminarily tested my work usng the
voltmeter to check for continuity and to make sure that | had not crested solder bridges
between pins. | tested the A/D by looking at its output lines to see if they were making
trangtions when an input sgnd was gpplied. The AD9054A requires an input voltage
range between 23 volts so | used a voltage divider and the variable resstance pot on one
of our breadboards to wire up a mekeshift variable voltage supply. Turning the pot
changed the voltage smoothly between 2 and 3 volts. | ran a BNC cable from our
daughter board input to the voltage supply and we set up the lab's fast scope to watch the
output lines from the A/D. Twiding the pot varied the input voltage causng clear
trangtions between high and low on al the output lines of the A/D. Although we couldn’t
be sure exectly wha the numbers the A/D was sending out, it a least appeared
operationa.

Lastly we soldered on one of the FIFOs. We only soldered on one because only
one was necessary to check that the board architecture and timing was working correctly.
Soldering the FIFOs was the most concerning step in the board construction process

manly due to the FIFO's 0.5mm pin spacing. No one in the lab had ever soldered
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anything samdler then a 1.2mm pin spacing before, and we were gill not sure that it
would even be possble to solder the FIFOs by hand. With such a smal pin spacing
solder bridges are much more likely to occur and much harder to detect by sight. Plus, we
weren't even sure that dl of our FIFOs ill worked anymore because they had been
stored since the summer and CMOS chips are very sengtive to static discharge.

Soldering the FIFO was harder than any of the other logic. Even getting the chip
into pogtion was difficult. Because the leads on the board are raised dightly, the chip
would dip off of the leads and to the sde to rest on the plastic board between the leads.
Fux, which is usad to clean the leads so0 that the solder will stick, dso usudly helps to
keep the chip from moving out of position because it is sticky. But in this case, it actudly
made the chip harder to postion by making it difficult to dide the chip up onto the pad.
Severd times | was able to get the FIFO in place, only to accidentaly push it off the pad
as | tried to apply pressure to the top of the chip, to keep it from moving while | soldered.
Findly | secured the chip with top pressure and tacked a few of te non-functioning legs
to the board. These legs are caled N/C or “no connects’ because they don’'t connect to
anything inside the chip, but they remain as part of the standard chip package design.

Once | had soldered dl of the pins, | checked al of the pin connections for
continuity and found that | had only successfully connected about haf of the legs. | spent
even more time soldering and testing with the voltmeter until findly it sad that dl of the
legs were connected. However, the FIFO ill needed to be tested further because the
voltmeter could not tdl us whether or not the chip was actudly operaiond, and the
possihility for capacitive coupling, pressure connections, and cold solder joints dill

exiged aswdl.
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To test the FIFO we decided to program the 8051 microprocessor to control the
FIFO while we checked that it was operating correctly. Programming the microprocessor
requires an agorithm describing the functions performed by the microprocessor in clear,
step-by-step order. We created an dgorithm using our flow chart that described every
dep in order. At each sep we determined what level, either high or low, that each
control pin must be set to. From the pin settings we created a single binary number. In the
end our lig of numbers was the basis of our dgorithm. For each mgor agorithmic step
we created a function in the program that sent out the binary numbers that we crested.
We were then able to watch the FIFO's full flag (!FF) and empty flag (!EF) as indicators

of whether or not our program worked as anticipated.

Empty [Partially Ful |Ful
EF[TIFF[ TEF[IFF | TEF[FF
o1 1|1 1|0

Figure 11: FIFO Empty and Full Flag Operation

The truth table in Figure 11 illustrates the different sages of data acquisition and
the resulting levels of the FIFO's flag lines. When reset, the FIFO enters the empty State.
To test that the FIFO was actudly reading in data, we checked that the flags had switched
to either the Partidly Full state or the Full State.  In the Mark |1 verson of the prototype,
we sent the 'EF and !'FF lines to the USBSIMMS so that we could check their operation
with the computer instead of with the scope.

For about five minutes our Mark 1 board operated in a way indicating that it was
fully functiond. We Ieft the varidble voltage supply attached to the board input and were
successfully reading in data with our board, but the levels we read out of the board didn't

seem to make sense. We redlized that we had reversed the lines going into the FIFO and
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that we were reading the hex numbers in reverse, o in the microprocessor program, we
wrote a smal function to resort the data. For Mark 1l we corrected this problem by
physicdly reverang the linesin the design.

Next we redized another problem. One of the bits seemed to be sticking o that it
sometimes read high when it $iould read low. We would reset the chip clearing dl of the
memory and then read in data. If we read in the maximum voltage of three volts then dl
of the lines went high. However, if we then changed the voltage back to the minimum
input voltage dl of the lines should have returned to the low ate, but one would stay
high conggently. Soon multiple bits were gticking and findly the whole chip just stopped
working completely. Our concluson was that one FIFO had gone bad. In the Mark Il
board this problem never occurred so we never had to fix it.

After the Mark | board failed, we built the Mark 1l and for a day, adso bdieved its
FIFOs were not operating properly. When reading the empty and full flags the FIFO
seemed to be locked in a dtate that was rot dlowed on our FIFO logic diagrams. The
FIFO would reset properly but when told to take data, it would enter a state where both
IEF and !'FF lines were low. We thought that this state was impossible because the FIFO
could not be completdy full and completely empty a the same time. After carefully
reviewing the FIFO data sheet, we redized that we made a programming error, causng
both FIFOs to act improperly. The !'EF flag will only be updated after the FIFO receives
a read clock (RCLK) pulse, so this state was occurring because we were not updating the
flags. Once we added this clock signd into the program we corrected problem and the

FIFO began to operate in the manner we expected. Our board was running successfully!
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VI. Programming the Front-End:

A front-end program that runs the data acquidtion board is vitd to evauding the
results of my work. It acts as the supreme acid test by performing dl of the operationd
steps at once, just as is necessary in a laboratory experiment. The data is sent out to the
computer and the front-end program plots it in grgphicad form for examination.
Although, programming the front-end in its full complexity is actudly beyond the scope
of my experiment, | paticipated in progranming a smple front-end to evduate my

device.
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Figure 14 and 15: Sampled Square and Triangle Waves at 100 MHz
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Figure 16: Zoomed In View of the Square Wave Picture Taken by Our System

In dl of the figures some digitd eror is visble With any digitd sysem a digitd
eror of 1 bit is to be expected. However, when zooming in much farther, as in Figure 16,
a two-hit eror is visble in our sysem. As of this point in time we are not sure why.
Possible causes may incdude cross tadk from the high-speed clock, noise in the power

supply to the A/D, or noise on the input line.



VII. Conclusion:

This project was largely successful. We crested an architecture that in future
projects could easly be modified to work with faster and faster chips as they are
developed. Our current design can be quickly modified to produce a new date of the art
scope usng very little extra effort beyond the groundwork that | set up in this project.
Using our architecture and the dropping prices of chips to our advantage should dlow us
to desgn data acquidtion boards in the future that could be built by subcontractors for
prices on the order of a few hundred dollars, rather than the tens of thousands of dollars
that the industry charges for comparable devices Most importantly however, we have
proved that prototyping this architecture is possble and the board works just how we
expected it too. Plus, with a little tesing and extra dectronics design, this board could
actudly be turned into aworking product for our laboratory.

Another important result of my project is that in setting the groundwork for my
architecture, 1 also helped to lay the groundwork for revison of the digitd eectronics lab
curriculum a William and Mary. My work on understanding the USBSIMMS has shown
us that it the USBSIMMS board would be a fantastic tool to work with in the lab, and it
would make a whole range of new experiments accessible to the undergraduate physics
Students here.

| have made it very convenient for someone to follow my work by creating a step-
by-step guide to producing my system or one amilar to it. That way, if someone follows
up my project they will waste much less time getting started because the learning curve
will be diminished and they will not have to relive every problem | faced during this

research project. The ements of every data acquistion sysem are universal so even in
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the eventudity that someone were to take a completdy different approach with the next
goeed levd, they could 4ill learn from my mistakes and incorporate my learning into
their own idess.

As with dl experiments, my project could be followed up by another studert for
further research. Work must be done to test our board and resolve the source of the extra
bit levd noise by examining the power supply and input sources more carefully. A pre-
amp and interna power supply needs to be added to make our system more robust and
help reduce noise on the input line while running the board in non-optimum operating
conditions. Also the front-end programming could be expanded to include more features.
Testing might also be done on my board to see what its actud maximum speed is before
timing errors occur. Right now the board runs a 100 MHz, but theoreticdly it should
work a up to 200 MHz just by adding a faster clock. Findly, some future student might
want to produce a Mark Il version of my board that resolves the extra bit error and runs
a the full 200 MHz. This Mark 11l board could then take the place of the lab's current

data acquisition board.
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